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Abstract 

Using a depleted gas r eserv oir as a natural reactor is a novel approach for microbial methanation of hydrogen (H 2 ) and carbon dioxide 
(CO 2 ) into methane (CH 4 ). This approach, known as underground biomethanation reactor (UMR), could enable the simultaneous val- 
orization of g eolog icall y sequester ed CO 2 and the excess r enew a b le energy, stor ed in the form of H 2 in the same formation as the CO 2 . 
In this study, we explore the possibility to trigger biomethanation from formation water sample by testing various carbon sources 
(CO 2 , tr ypticase pe ptone , glucose , and acetate) in batch test with a defined mineral medium. Obtained results show that trypticase 
peptone supplementation greatly increased methane production and the enrichment of methanogenic archaea, outperforming alter- 
nati v e carbon sour ces. 16S rRN A amplicon sequencing of the enric hed consortia r ev ealed that supplementation of tr ypticase pe ptone 
and a mixture of H 2 :CO 2 (80:20), resulted in the selection of a mixed culture dominated by microorganisms assigned to the Methanoth- 
ermobacterium , Garciella , and Caminicella gener a. Furthermore , KEGG (Ky oto Encyclopedia of Genes and Genomes) and COG (Clusters of 
Orthologous Genes) pr edicti v e functional analyses underline a possible syntrophic relationship, enhancing the conversion of H 2 and 

CO 2 into CH 4 . This work lays the groundwork for biologically exploiting a depleted gas reservoir by implementing the UMR technology. 

Ke yw ords: hydr ogenotr ophic methanogenesis; undergr ound biomethanation r eactor (UMR); hydr ogen; enrichment cultur e; carbon 
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Introduction 

In September 2020, the European Commission urged that carbon 

dioxide (CO 2 ) and greenhouse gase emissions be further reduced 

to 55% and that the percentage of r ene wable ener gy be incr eased 

from 20% to 32% by 2030. Long-term goals to become carbon- 
neutral by 2050 are also being reviewed (Lagioia et al. 2023 ). De- 
veloping and integrating renewable energy sources and reduc- 
ing energy waste are pivotal to improving energy production and 

utilization. Furthermore, it is critical to design a system with a 
lar ge ca pacity for long-term stor a ge due to the seasonal fluctua- 
tion of r ene wable ener gy sources. To fulfill this pur pose, hydr ogen 

(H 2 ), which is currently mainly produced from excess renewable 
electricity through electrolysis , pro vides a useful renewable en- 
ergy carrier that could be stored in underground geological for- 
mations (Panfilov et al. 2016 , Thiya gar ajan et al. 2022 , Oker e et al.
2024 ). UHS is evolving as a critical component in the transition 

to a hydrogen-based energy system. Underground hydrogen stor- 
a ge (UHS) le v er a ges geological formations suc h as depleted r eser- 
voirs , aquifers , and salt ca v erns to stor e hydr ogen, addr essing the 
challenges of renewable energy variability ( Taiwo et al. 2024 ). Un- 
derstanding hydrogen’s interaction with geological material and 

the interplay between microbial and geochemical reactions is es- 
sential for ensuring safe and efficient stor a ge (Oker e et al. 2024 ). In 

fact, r eservoir miner alogy and brine composition can significantl y 
Recei v ed 21 November 2024; revised 19 Mar c h 2025; accepted 14 April 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
ffect microbial activity and hydrogen storage performance (Bas- 
ani et al. 2023 , Vasile et al. 2024 ). 

In the last decades, early research on hydrogen storage sho w ed
nexpected behavior in r eservoirs wher e H 2 was injected, namel y
 decrease in pressure was observed due to the reduction of H 2 

nd CO 2 into CH 4 (Panfilov et al. 2010 , 2016 , RAG 2020 , T ha ysen et
l. 2021 , Tyne et al. 2021 , Hellerschmied et al. 2024 ). In-depth mi-
robiological studies of these sites revealed that methane produc- 
ion was mainly due to the activation of methanogenic microor- 
anisms (Šmigáň et al. 1990 ). Using these depleted reservoirs as
atur al r eactors for the micr obial methanation of H 2 and CO 2 is
n innov ativ e a ppr oac h, called under gr ound biomethanation r e-
ctor (UMR), proposed by Mikhail Panfilov (Panfilov et al. 2010 ).
MR consists in injecting H 2 and CO 2 fr om v arious sources into
nder gr ound gas stor a ges during ener gy pr oduction peaks . T he

njected gases are converted into a methane-rich gas mixture,
hich is withdrawn during high energy demand peak, helps to
alance the grid by ensuring a continuous and reliable supply of
lectricity (Bellini et al. 2022 ). UMR serves a dual purpose: the val-
rization of CO 2 by converting it into CH 4 and the stor a ge of sur-
lus energy generated by renewable sources in the form of chem-

cal energy (Benetatos et al. 2021 ). Moreover, this transformation
nhances the energy potential of the stored gas, as CH 4 has a
igher energy content (36 MJ/m 

3 ) compared to H 2 (10.88 MJ/m 

3 )
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Bellini et al. 2022 ). In the case of under gr ound bio-methanation,
ethanogenic archaea act as biocatalysts, triggered by the injec-

ion of CO 2 and H 2 which are used as carbon and electron sources
or methanogenic metabolism (R1). 

4 H 2 + CO 2 → CH 4 + 2 H 2 O − 135 . 6 �G o ’ kJ / reaction ( R1 ) . 

A subsurface porous medium, like a depleted gas reservoir,
ight function similarly to membrane, trickled-bed or fixed-bed

 eactors that ar e curr entl y used for in situ and ex situ biomethana-
ion processes, due to the high surface-to-volume ratio. Compared
o r eactors, under gr ound structur es pr ovide natur all y por ous en-
ironments with a large pore volume and flow capacity (Strobel
t al. 2020 ). Mor eov er, a critical point is the presence of suitable
iving conditions for hydr ogenotr ophic methanogens (HM) inside
he reservoir (Bellini et al. 2024 ) and it is important to consider
hat other micr oor ganisms, suc h as homoacetogenic bacteria (R2)
nd sulfate-reducing bacteria (SRB, R3) inhabit subsurface envi-
onments, competing with methanogenic archaea for the supply
f H 2 (Ranchou-Peyruse et al. 2019 , Dopffel et al. 2021 , Bassani et
l. 2023 ) 

4 H 2 + 2 HCO 

−
3 + H 

+ → Acetat e − + 4 H 2 O − 104 . 6 kJ / reaction 

( R2 ) , 
4 H 2 + SO 

2 −
4 + H+ → HS − + 4 H 2 O − 151 . 9 kJ / reaction ( R3 ) . 

Key factors influencing microbial proliferation include temper-
ture, salinity, and pH. Thaysen et al. ( 2023 ) categorized reservoirs
nto four le v els of micr obial activity risk based on these param-
ters . For example , reservoir, whose temperature is below 55 ◦C,
ight be exposed to high microbiological risk, providing potential

onditions for HM activation (T ha ysen et al. 2023 ) e v en though as-
ays coupling batc h cultiv ation and bio-geochemical simulation
id not r e v eal potential methanogenic activity due to low amount
f cell number and limited nutrient availability (Bellini et al. 2024 ,
asile et al. 2024 ). In fact, although batch assays do not provide
n exhaustive insight into natural microbial metabolic capacities,
hen combined with biogeochemical simulation studies, they be-

ome a useful tool for microbiological risk assessment. 
Field studies of UMR technology demonstrate its potential for

n situ biomethanation in depleted hydr ocarbon r eservoirs (DHRs)
nd deep aquifers, yet challenges remain. Hellerschmied et al.
 2024 ) reported an 84.3% hydrogen recovery rate after 285 days
n a DHR, with microbial activity influencing gas composition and

igr ation. Similarl y, Ranc hou-Peyruse et al. ( 2024 ) identified HM
n deep aquifers, but competition with SRB and homoacetogens
ffected efficiency. Additional challenges included H 2 dissolution
n brine, potential interactions with reservoir rock, and fluctuating
edox conditions that impacted microbial activity. These findings
ighlight the need for precise site selection and monitoring while
emonstrating the value of integrating experimental assays with
iogeochemical models. Additional challenges include H 2 migra-
ion into cushion gas, dissolution in brine, and potential reser-
oir r oc k inter actions, though no significant miner al dissolution
as detected (Hellerschmied et al. 2024 ). Furthermore, fluctuating

edox conditions and variable sulfate concentrations impacted
ethanogenic activity in deep aquifers, emphasizing the need for

recise site selection and monitoring strategies (Ranchou-Peyruse
t al. 2024 ). These findings underscore the feasibility of UMR tech-
ology while highlighting k e y constraints that must be addressed
or large-scale implementation. 

To fully unlock the potential of UMR deeper insights into the
hemical and biological processes within these systems are es-
ential (Dopffel et al. 2021 , Bassani et al. 2023 ). Microbial popu-
ations specifically selected or evolved methanogenic strains, ca-
able of competing for H 2 as an energy source for the reduction
f CO 2 to CH 4 could also be artificially introduced within suit-
ble geological structure to implement the UMR concept (Bellini et
l. 2022 ). In the present study, we investigated a new enrichment
trategy and the use of different carbon sources (i.e. CO 2 , trypti-
ase peptone , glucose , and acetate) for specificall y stim ulating hy-
r ogenotr ophic methanogenesis and enriching the methanogenic
onsortium populating reservoir formation fluids. Upon prelimi-
ary scr eening, anal yses based on the sequencing of V3–V4 re-
ions of 16S rRNA bacterial and archaeal genes were carried out
n the batches supplied with the carbon source that induced
igher methanogenic activity. Ev entuall y, the Kyoto Encyclopedia
f Genes and Genomes (KEGG) and the Clusters of Orthologous
enes (COG) pr edictiv e functional annotations wer e used to high-

ight the metabolic pathways potentiall y involv ed in the process.
his work lays the groundwork for the biological exploitation of
he studied depleted gas reservoir by the stimulation of indige-
ous methanogenic archaea, implementing UMR technology. 

aterials and methods 

ample collection and hydro-chemical analyses 

he inoculum utilized in this study was obtained from formation
ater from a reservoir located in the center of Italy at a depth of
065 m with an initial pr essur e of a ppr oximatel y 150 bar and a
emper atur e of about 48 ◦C. The geological formation consisted of
andstone with a porosity comprised 20–25%, and a permeabil-
ty of few millidar c y. Formation w aters w ere sampled using the
AILER system, tr ansport, stor e and analyzed as described in de-
ail by Bassani et al. ( 2023 ). Following collection, water samples
ere sent to the laboratory and k e pt in a dark chamber at 4 ◦C.
nalyses did not include fluid samples collected from the first de-
cent. Within 24 h of sampling, the remaining formation water
as processed for further microbiological characterization, as de-

ailed below, while an aliquot was pr omptl y taken for hydr oc hem-
cal investigation ( Table S1 ). 

The microbial biomass utilized as the inoculum was collected
y filtering 300 ml of formation water using a vacuum suction via
illipor e Expr ess PLUS PES filtering membr anes (0.22 μm; Merc k
illipore, Burlington, MA, USA). The optimal volume of formation
ater to be filtered and used as the inoculum was selected based
n preliminary quantive PCR (qPCR) tests, carried out on three dif-
erent volumes of formation water (200, 300, and 500 ml) resulting
n the optimal volume for experiment operation (data not shown).
iltration and inoculation were carried out in a vinyl anaerobic
hamber (Coy Laboratory Product, Grass Lake, USA) which is con-
tantly supplied with H 2 , CO 2 , and N 2 . Batch cultures were carried
ut in 158 ml sterile serum flasks. Each serum flask was inoculated
ith one filter (0.22 μm; Merck Millipore, Burlington, MA, USA) on
hich the biomass was collected, and provided with 32 ml of nu-

rient medium. The headspace was filled with 2 bar of a H 2 :CO 2

lend in a 4:1 ratio (V/V). 

ineral medium and batch cultures 

he mineral media composition was defined by considering the
ydr o-c hemical c har acteristics of the formation water ( Table S1 )
nd to favor hydr ogenotr ophic methanogenesis ov er other hy-
r ogenotr ophic metabolisms, suc h as homoacetogenesis and
ulfate reduction. The mineral medium was prepared according
o Rodrigues-Oliv eir a et al. ( 2023 ) with slight modifications. In
articular, the pH was adjusted to 7 with HCl and the medium
as pr epar ed without the addition of r educing a gents suc h as

esazurin or cysteine-HCl, to facilitate the assessment of the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
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natur al r eduction potential of the micr obial comm unity 
(Szafr anek-Nak onieczna et al. 2019 ). The tightness of the bottles 
was monitor ed thr ough micr o-GC (fusion 2-module Inficon, Bad 

Ra gaz, Switzerland). Mor eov er, a Tr ace Element (TE) solution was 
added to fulfill the r equir ements for methanogenesis (Rodrigues- 
Oliv eir a et al. 2023 ). The batches were prepared in triplicate with 

either 1 g/l trypticase-peptone, 1 mM glucose, and 1 mM acetate,
r espectiv el y. Contr ol samples were prepared with inoculum and 

mineral medium, without the addition of any organic carbon 

source (Imachi et al. 2020 ). For each experimental condition,
an inoculum-free medium batch was prepared as the negative 
contr ol. All batc hes wer e supplemented with H 2 and CO 2 (80:20) 
through sterile filters (MILLEX 0.22 μm, Merck KGaA, Darmstadt,
Germany) by using a gas manifold (Tecnodelta, Italia) equipped 

with single gas mass flow controllers (Burket, Germany). Batches 
were incubated at 2 bar and 48 ◦C horizontally to impr ov e gas–
liquid mass transfer in an orbital shaker incubator (Biosan orbital 
agitator-incubator ES-20/60, Riga, Latvia) at 90 r/m for 30 da ys . 

After 30 da ys , the culture displa ying the highest methanation 

yield was further pr opa gated by tr ansferring 10 ml of cell suspen- 
sion to a fresh mineral medium follo w ed b y 1-month incubation 

under the same conditions. Every 10 da ys , after liquid sampling,
the amount of liquid taken from the batch was replaced by a fresh 

mineral medium to provide new nutrients and maintain constant 
gas/liquid ratios. 

Analytical methods 

Pr essur e measur ements and gas chr omatograph y analysis 
Headspace gas measurements (LEO1 digital manometers KELLER, 
Winterthur Switzerland) were taken once a week and at the end 

of the 30 days enrichment phase. Headspace pr essur e of cultur es 
obtained by trypticase peptone treatment was measur ed e v ery 3 
days during 30 days of incubation. When a pr essur e dr op was de- 
tected, the gas composition in the serum flasks was determined 

using gas c hr omatogr a phy with a Micr o GC Fusion system (Infi- 
con, Bad Ragaz, Switzerland). Gas samples were collected using 
a 5 μl Gastight Syringe (Hamilton 1700 Series Syringes, Bonaduz,
Switzerland) and dir ectl y fed into the Micro GC. Gas concentra- 
tions were determined for H 2 , O 2 , N 2 , CH 4 , CO 2 , and H 2 S. These 
data allow to estimate the CH 4 production according to the ideal 
gas law. After each measurement, the batches were supplemented 

with 2 bar of H 2 and CO 2 . 
Statistical significance ( P -value < .05) of gas consumption was 

assessed using one-way ANOVA and Turk e y’s multiple compar- 
isons test, with a single pooled variance. 

Volatile fatty acids analysis 
For each experimental condition, short-chain volatile fatty acids 
(scVFA) wer e measur ed once a week. Liquid samples were cen- 
trifuged for 10 min at 10 000 r/m in a MicroCL 17R Centrifuge 
(T hermo Fisher Scientific , Waltham, MA, USA) and the super- 
natant was filtered through 0.22 μm filters (Scharlab, Barcelona,
Spain). The high-pr essur e liquid c hr omatogr a phy method de v el- 
oped by Bellini et al. ( 2024 ) for detecting acetic , propionic , formic ,
lactic , n -butyric/iso-butyric , and n -v aleric/iso-v aleric acid was a p- 
plied. 

DN A extr action and quantita ti v e PCR analysis 

The DN A w as extr acted fr om inoculum formation fluids (T 0 ) and 

each experimental condition at time 7, 14, 20, and 30 days with 

DN Aeasy Po w er-Soil Pr o Kit pr otocol (Qia gen, Hilden, German y) 
following the modified protocol as detailed in Bassani et al. ( 2023 ).
he quality and quantity of the extracted DN A w ere assessed
sing a Genova Nano micro-volume spectrophotometer (J enwa y,
ole Parmer Inc) and Qubit fluorimeter (Life Technologies, Carls- 
ad, CA, USA). 

The copy number of the mcrA , dsrB , and fhs genes targeting HM,
B , and SRB , r espectiv el y, was determined by qPCR, as reported by
ellini et al. ( 2024 ). mcrA is fr equentl y utilized as a molecular tool
or enumerating HM archaea. The mcrA gene encodes the alpha
ubunit of methyl coenzyme M reductase, an enzyme involved in
he final step of methane production (Hales et al. 1996 , Nyyssönen
t al. 2012 ). The dsrB gene is commonl y tar geted for the enumer-
tion of SRB; this gene encodes the beta subunit of dissimilatory
ulfite reductase, an enzyme involved in sulfate reduction (Foti et
l. 2007 ). The fhs gene is associated with AB. This gene encodes
he formyltetr ahydr ofolate synthetase enzyme, whic h is involv ed
n the Wood–Ljungdahl pathway, a k e y pathway utilized by ace-
ogenic bacteria for acetate synthesis (Leaphart and Lovell 2001 ,
eaphart et al. 2003 , Xu et al. 2009 ). Primer sequences utilized are
eported in Table S2 . The approach emplo y ed yielded the lo w est
mplicon concentrations: 1.33 × 10 2 , 1.85 × 10 2 , and 1.76 × 10 2 

opy/ml for mcrA, dsrB , and fhs , r espectiv el y. As a r esult, samples
xhibiting a number of copies below these cutoff points are la-
elled as “not determined” (n.d.). 

Statistical significance ( P -value < .05) of mcrA copies/ml vari-
tion was assessed using one-way ANOVA and Turk e y’s multiple
omparisons test, with a single pooled variance. 

ssessment of microbial community 

omposition 

he DNA samples extracted from inoculum formation water (T 0 ),
rypticase peptone enriched culture (TP) at T 30 and T 60 and the
rst subculture at T 30 (T 30 TP.1) were analyzed through next gen-
ration sequencing (NGS). The 16S amplicon sequencing targeted 

he V3–V4 region of bacterial and ar chaeal 16S rRN A w as carried
ut by use r espectiv el y 357wF-785R and Arc h340wF-Arc h806R
airs of primer ( Table S2 ). Libr aries wer e pr epar ed according to Il-

umina’s 16S metagenomic sequencing library preparation proto- 
ol. Sequencing of the V3–V4 hypervariable region was conducted 

sing Illumina MiSeq (Element Biosciences, San Diego, CA) with a
00 bp paired-end module by IGA Technology Service, according 
o the QIIME pipelines (Ca por aso et al. 2010 ), using the USEARCH
lgorithm (version 8.1.1756, 32-bit), as described by Bassani et al.
 2023 ). 

After sequencing, reads were demultiplexed, merged into con- 
ensus pseudo-reads, and trimmed to remove low-quality bases,
iscarding those under 200 bp. Micr obiome anal ysis was con-
ucted using QIIME2 (Ca por aso et al. 2010 ), with oper ational tax-
nomic units (OTUs) clustered at 97% similarity via the USE-
RCH algorithm. Taxonomic classification was performed using 

he RDP classifier and the 16S GreenGene database, with a confi-
ence threshold of 0.50 and r efer ence database (Silva 138) (Quast
t al. 2013 , Yilmaz et al. 2014 ). The Alpha diversity was esti-
ated using the Shannon diversity index, whereas the beta di-

ersity was estimated with the Bray–Curtis dissimilarity statis- 
ic index and the distant matrix obtained was gr a phicall y r ep-
esented by principal component analysis (PCoA) and displayed 

y the Emperor tool ( https:// biocore.github.io/ emperor/ ) (Bassani
t al. 2023 ). The gr a phs r epr esenting the r elativ e abundance of
ost abundant OTUs were obtained using Graph pad Prism 10.1.2.

he data for this study have been deposited in the European
ucloeotide Arc hiv e (ENA) at EMBL-EBI under accession number
RJEB76268. 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://biocore.github.io/emperor/
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Figure 1. Gas consumption during the incubation time of batch test with different carbon sources. Gas consumption is expressed as �P . The error bars 
show the standard deviation ( n = 3). Statistical significance ( P -value < .05) between treated and ctrl conditions is shown in the figure, while P -values 
are displayed in Table S3 . 
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redicti v e functional analysis of metabolic 

athways in dominant genera 

 pr edictiv e functional anal ysis was conducted to c har acterize
EGG and COG functional categories in the most abundant gen-
r a ( ≥1% r elativ e abundance) (Kanehisa and Goto 2000 , Galperin
t al. 2021 ). T he analysis , performed by IGA Technology Services
Udine, Italy) as described by Bassani et al. ( 2023 ), determined the
v er a ge number of genes assigned to each KEGG and COG cat-
gory per genome. To predict the metabolic functions of domi-
ant bacterial and archaeal genera, genomic data were retrieved

rom the IMG/M database (Chen et al. 2023 ). Genomes without
vailable data were excluded, and bacteria and archaea were an-
l yzed separ atel y. KEGG P athway and Module anal yses ma pped
EGG ortholog (KO) annotations to pathway and module IDs us-

ng the KEGGREST Bioconductor R pac ka ge. KO terms wer e ex-
r acted for eac h genus, tr anslated into pathwa y/module IDs , and
 ggr egated by taxonomic genus (KEGG releases 105.0 + /12–28, De-
ember 22, and 105.0 + /02–06, February 23). KO annotations with-
ut pathway assignments wer e separ atel y a ggr egated. COG anal-
sis mapped gene annotations to functional categories using COG
atabase sFTP release 2020. Genes were assigned to COG cate-
ories, with a ggr egated statistics calculated per genus. Unclassi-
ed genes were negligible. 

esults 

creening of batch cultures with different carbon 

ources 

as measurements and gas chromatography analysis 
ariations in headspace partial pr essur e wer e used to assess the
icrobial activity. The effect of different carbon sources on gas
onsumption, which was determined from the partial pressure
ariation betw een tw o successiv e measur ements, is illustr ated in
ig. 1 . Throughout the incubation period, no significant gas con-
umption was observed when no organic carbon was provided and
 negligible CH 4 yield was ac hie v ed at the end of the experiment
0.005 g CH 4 /g CO 2 ). Conv ersel y, in the case of trypticase peptone,
ignificant gas consumption was observ ed fr om day 14 and con-
inued throughout the experiment. This condition exhibited the
ighest CH 4 yield (0.19 g CH 4 /g CO 2 ). Gas consumption with glu-
ose was detected in r elativ el y constant amounts from day 14,
ut at lo w er le v els compar ed to the trypticase peptone condition.
he total yield of CH 4 yield was also lower than that of trypticase
eptone (0.08 g CH 4 /g CO 2 ). In the presence of Na-Acetate, no gas
onsumption was detected until day 30, and the CH 4 yield was the
o w est among the tested conditions (0.014 g CH 4 /g CO 2 ). 

olatile fatty acids analysis 
uring the entire incubation period, across all conditions, higher
oncentrations of acetate and formate wer e observ ed compar ed
o propionic and n -butyric acid whose concentrations did not ex-
eed 0.50 and 0.75 mM, r espectiv el y (Fig. 2 ). The control condition,
ot supplemented with any organic carbon sour ce, sho w ed the

o w est amount of all volatile fatty acids (VFAs) analyzed (Fig. 2 a).
n presence of trypticase peptone (Fig. 2 b), remarkably higher lev-
ls of formate were produced compared to any other tested con-
ition. The concentration of formate increased over time, with a
otable rise between day 20 and day 30 (up to 22.5 mM), while not
vercoming 4 mM in the other conditions. Similarly, a stepwise
ncrease in acetate levels was observed in trypticase peptone-
upplemented batches (up to 7.14 mM). In the condition supple-
ented with glucose (Fig. 2 c), the concentration of acetate in-

r eased steadil y ov er time, r eac hing 4.88 mM. This suggests that

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
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Figure 2. Variation of VFAs concentration and pH during the enrichment phase of batch test with different carbon sources: ctrl condition (a), 
trypticase peptone (b) glucose (c), and Na-acetate (d). Variation of VFAs concentration is expressed in mM during the enrichment phase . T he error bars 
show the standard deviation ( n = 3). 
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acetate production was sustained in the presence of trypticase 
peptone and glucose. Ev entuall y, in the Na-acetate supplemented 

test, acetate production or accumulation was observed until day 
14, being almost completely consumed by the end of the exper- 
iment, suggesting that either acetate was being utilized by mi- 
cr oor ganisms or under going other forms of metabolic transforma- 
tion in the system (Fig. 2 d). 

Assessment of microbial community composition with 

different carbon sources 
qPCR anal yses wer e carried out on mcrA , fhs , and dsrB genes on the 
initial inoculum and at day 7, 14, 20, and 30 ( Table S4 ). The initial 
inoculum sho w ed an equal le v el of methanogenic arc haea and 

acetogenic bacteria ( mcrA 3.14 × 10 2 , fhs 3.71 × 10 2 copy/ml). Con- 
v ersel y, in a gr eement with the hydr o-c hemical anal yses, pointing 
out the low concentration of sulfates in formation water, dsrB gene 
was found below the detection limit, suggesting a negligible pres- 
ence of SRB. As shown in Fig. 3 and Table S4 after 7 days incu- 
bation the number of copies of all investigated genes decreased.
Ho w e v er, at day 14, the mcrA copy number significantl y incr eased 

with trypticase peptone and glucose ( P -value < .05) while the fhs 
copies dropped under the cutoff value. For the rest of the incu- 
bation period, the culture supplemented with trypticase peptone 
maintained the highest amount of mcrA , with a magnitude of 10 4 .
On day 20, a significant ( P -value < .05) rise in the copies number 
of mcrA to v arious degr ees was detected for all conditions. At the 
nd of the incubation time, only the trypticase condition sho w ed
 significant increase in mcrA copies compared to the control con-
ition. 

har acteriza tion of the most CH 4 producti v e 

ondition 

ased on pr e vious data, the condition supplemented with trypti-
ase peptone a ppear ed to be the most enriched in methanogenic
rchaea and provided the maximum yield of CH 4 . For these rea-
ons, the original enriched culture was cultivated until day 60,
nd its evolution was studied using the same molecular biology
nd analytical methods as in the enrichment phase . T his included
r essur e and gas measur ements, scVFAs anal ysis, qPCR, amplicon
equencing of 16S rRNA V3–V4 region, and functional prediction 

sing KEGG and COG analysis. 

icrobial community structure 
icr obial comm unity anal ysis based on the sequencing of V3–V4

egions of 16S rRNA bacterial and arc haeal genes, commonl y used
or microbial characterization of deep subsurface environmental 
amples (Cottier et al. 2018 , Ghosh et al. 2019 , Bassani et al. 2023 ),
as performed to c har acterize the micr obial comm unity populat-

ng the formation water used as inoculum (T 0 ), the batch culture
ontrol condition (T 30 ctrl) and the one supplemented with tryp-
icase peptone at a different time during the experiment (T 30 TP,
 60 TP, T 30 TP.1) (Fig. 4 ). Detailed sample ID and sequencing results

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
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Figure 3. mcrA gene copy/ml with different carbon sources during the incubation time . T he error bars show the standard deviation ( n = 3). Statistical 
significance ( P -value < .05) between treated and ctrl conditions is shown in the figure, while P -values are displayed in Table S5 . 

Figure 4. Ov ervie w of community structure at genus level. The community structure was derived from the 16S rRNA gene using bacterial (a) and 
archaeal (b) primers. Only taxa with an average relative abundance of ≥1% are displayed. Formation waters used as inoculum (T 0 ), control (T 30 ctrl), 
and trypticase peptone conditions (T 30 TP) at the end of the incubation time, as well as trypticase peptone condition samples from the next stage of 
culture (T 60 TP and T 30 TP.1), were examined. 
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are listed in Table S6 . Overall, 33 379 934 and 33 399 774 reads were 
produced for the bacterial and archaeal targets, respectively, with 

70% and 76% of them being assigned to O TUs . T he experimental 
conditions and the provision of H 2 /CO 2 and trypticase peptone 
had a selective effect on the population, pushing to w ar ds a less 
diverse and possibly more specialized microbial community. This 
was demonstrated by both r ar efaction curv es and Shannon alpha 
diversity indexes ( Fig. S1 a and b), which indicated that the con- 
trol and trypticase peptone conditions differed from each other 
and from those of the initial formation water sample . T he beta 
diversity of the bacteria demonstrated how the control and tryp- 
ticase pe ptone-ad ded conditions produced consortia clustering 
separ ated fr om eac h other and especiall y fr om time zer o ( Fig. S1 c 
and d) . Conv ersel y, the contr ol and the peptone tr eatment for the 
tar get arc haea cluster ed together, showing similarities within the 
arc haea comm unity, whic h, howe v er, differ ed fr om the zer o-time 
sample. 

By looking at the most abundant taxa populating the formation 

water used as inoculum (T 0 ), the microbial community was dom- 
inated by taxa classified as similar to Bacillus (36%), Nocardoides 
(26%), Diezia (18%), and Microbacterium (18%) gener a. Inter estingl y,
e v en though the analysis was carried out on a 16S rRNA bacte- 
rial target, a small percentage (1.37%) of the reads obtained with 

this tar get wer e assigned to arc haeal members of the Methanoth- 
ermobacter genus. Consistently, about 75% of the reads obtained 

fr om the anal ysis of 16S rRN A ar chaeal genes w ere assigned to the 
Methanothermobacter genus. After an incubation period of 30 days,
the treatment with carbon sources led to a remarkable increment 
of the methanogenic population, and specifically the Methanoth- 
ermobacter genus (Taxonomic assignments at genus le v el of 16S 
rRN A bacterial ar c haea gene ar e r eported in Fig. 4 and Datasets 
1–2). Methanothermobacter accounted for 34% and 50% of the total 
micr obial comm unity in the control and tr eated samples, r espec- 
tiv el y, anal yzed with 16S rRNA bacterial target, and for about 100% 

of the community with the archaeal target. Additionally, the cul- 
ture supplemented with trypticase peptone revealed notable per- 
centages of Pseudothermotoga (3%), Caldicoprobacter (5.63%), Camini- 
cella , and Gar ciella genera. Exce pt for the genus Bacillus, all other 
species that dominated the initial sample wer e dr asticall y r e- 
duced. The following culture steps with trypticase peptone , da y 60 
(T 60 TP) and the subculture at day 30 (T 30 TP.1), were dominated by 
Methanothermobacterium spp. (50%) and Garciella spp. (30%). Camini- 
cella and Pseudothermotogagenus remained stable, while Caldicopro- 
tobacter declined. 

Predictive functional analysis of metabolic pathways in 

dominant genera 

Pr edictiv e functional analyses based on KEGG and COG cate- 
gories (complete KEGG and COG analysis results are reported in 

the Dataset 3) were conducted to highlight metabolic pathways 
of potential interest in this study. This analysis for the trypti- 
case peptone condition (Fig. 5 ) r e v ealed a higher number of genes 
associated with hydr ogenotr ophic methanogenesis ( ∼43 genes; 
module ID: M00567) compared to those associated with other 
methanogenic routes (up to 31 and 16 genes for acetoclastic and 

methylotrophic pathwa ys , respectively), confirming the hypoth- 
esis of the pr e v alence of this methanogenic metabolism in the 
culture, and thus HM. Furthermore, the analysis of the archaeal 
taxa r e v ealed the pr esence of the whole pathway of cofactor 
F420 biosynthesis (module ID: M00378) which catalyzes impor- 
tant redox reactions in methanogenesis (Ferry 2011 ). As previ- 
ousl y stated, the enric hed cultur e consisted also of micr oor gan- 
isms classified as similar to Garciella (30%) and Caminicella (10%) 
ener a, for whic h KEGG anal ysis r e v ealed the nearl y complete
et of genes for the Wood–Ljundahl pathway (WLP; module ID:
00377) and the Reductive pentose phosphate cycle (Calvin cy- 

le; module ID: M00165) which could justify the increase of VFA
e v el during the incubation period. 

r ocess perf ormance and qPCR analysis 
ulture headspace gas pressure measurements revealed a con- 
istent pattern in gas consumption (Fig. 6 a): methane production
nd consumption decreased after 10 days of incubation, then re-
umed following refilling with the fresh mineral medium. How- 
 v er, it can be noticed that consumption had substantially de-
reased during the last 10 days of incubation compared to the ini-
ial stages . T his subcultur e’s CH 4 pr oduction r ose by almost 39%
ompared to the initial culture, reaching up to 0.31 g CH 4 /g CO 2 .
he mcrA copy/ml, and thus the amount of methanogens, main-
ained the same order of magnitude throughout the incubation 

eriod. 
During the same period, variations in pH and concentration 

f VFAs were also e v aluated (Fig. 6 b). As observ ed during the
creening experiment, the concentrations of formate and acetate 
ere higher than propionate and butyrate. Formate concentra- 

ions ranged from 15.85 to 20.45 mM, while acetate from 5.50 to
.65 mM. These concentrations seemed to be consistent with the
rst culture . T he pH v ariation, whic h r anged fr om 7 to 8.5, r e-
ained in the optimal range for biomethanation. pH would seem 

o be influenced not only by fresh media refill but also by changes
n gas pr essur e and composition in the headspace. 

iscussion 

creening of batch cultures with different carbon 

ources 

n all tested conditions, gas consumption was observed after a
a g phase r esulting fr om ada ptation to the changed conditions.
his lag phase reflects the time required to reduce the culture
edium to a sufficiently low redox state in the absence of ad-

itional r educing a gents, suc h as sodium sulfide (Na 2 S) or HCl-
ysteine (Szafr anek-Nak onieczna et al. 2019 ). In the present work,
as consumption and CH 4 production appeared to be correlated 

ith the r elativ e abundance of the mcrA gene, as supported by the
iter atur e (Wang et al. 2018 ). Indeed, in environments in which sul-
ate le v els ar e < 50 μM, as the formation water and the mineral

edium utilized in this study, syntrophic interactions between 

ethanogens and fermentative microorganisms are favored over 
ulfate reducers and this is consistent with previous studies of the
nteractions of these microbial groups described in the literature 
Oude Elferink et al. 1998 ). This dynamic relationship facilitates
he efficient breakdown of organic matter and the production of
H 4 . Mor eov er, w e sho w ed ho w the type of carbon sour ce pro-
ided has a significant impact on the enric hment str ategy since
t occurs according to the metabolic pathways of an anaerobic
omm unity. Results, r eported her e, suggested that CH 4 production
y microbial communities was significantly influenced by various 
rganic carbon sources, with trypticase peptone being the most 
onducive, follo w ed b y glucose, acetate, and minimal production
n the absence of added organic carbon. Trypticase peptone has
een documented as a favorable carbon source for stimulating 
ethanogenesis and it can significantly reduce the lag phase of
ethanogenesis, allowing for faster initiation of methane produc- 

ion compared to other carbon sources. Additionally, it has been
bserved to support higher maximum methane production rates,

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf040#supplementary-data
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Figur e 5. T he heatmap illustrates the results of KEGG predictive metagenomic analysis . T his analysis was conducted on the most prevalent bacterial 
and arc haeal gener a (r elativ e abundance ≥1%) identified thr ough 16S rRNA sequencing of batc h cultur e tr eated with trypticase peptone . T he heatmap 
reported the completeness of each KEGG category, calculated from the average number of genes assigned to each KEGG pathway or module per 
considered genome . T he gr a ph shows a selection of significant categories r ele v ant to the description of syntr ophic inter action in enric hed cultur es. 
Compr ehensiv e KEGG and COG analysis is available in the Supplementary materials (Dataset 3) 
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Figur e 6. T he panel illustrates the performance of the novel enriched 
culture, during further stages of cultivation. Gas consumption ( �P ) was 
determined from the partial pressure difference between two successive 
measures, mcrA copy/ml (a); variation of VFAs concentration (mM) and 
pH during the incubation period of the first subculture (b). The dotted 
lines r epr esent the r efill with fr esh miner al media. The err or bars show 

the standard deviation ( n = 3). 
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indicating its potential for enhancing ov er all methanogenic ac- 
tivity (Xing et al. 2017 ). The reason behind the effectiveness of 
trypticase peptone lies in its composition, which provides a read- 
il y av ailable source of nutrients for methanogenic micr oor gan- 
isms. According to the liter atur e, the addition of acetate induce 
less methane and m uc h later (Luo et al. 2022 ). Glucose itself does 
not produce CH 4 but can be absorbed and converted into vari- 
ous scVFA through microbial fermentation. scVFA, such as ac- 
etate , propionate , and butyrate , are k e y intermediates in anaer- 
obic fermentation and have different CH 4 production capabilities. 
T he con v ersion of or ganic matter typicall y necessitates a micr o- 
bial consortium consisting of three or more species of micr oor gan- 
isms. Stud ying the d ynamics of scVFA production enables us to 
understand the impact of v arious or ganic sources on the fermen- 
tation process and to elucidate the syntrophic relationships that 
can de v elop within micr obial consortia. The observ ed incr ease in 

acetate concentration, coupled with low concentrations of other 
fatty acids, could indeed indicate the presence of syntrophic ac- 
etate oxidizers (SAOs) and syntrophic fatty acid oxidizers (scFAOs) 
(Saha et al. 2020 , Ferry 2011 ). These micr oor ganisms ar e special- 
ized in oxidizing complex fatty acids to acetate, thereby contribut- 
ing to acetate production within the microbial consortium. In this 
study, the low concentrations of propionate and butyrate sug- 
gested that these micr oor ganisms might conv ert them into ac- 
etate and/or formate. Ho w e v er, the lac k of acetate consumption 

suggests the absence of acetoclastic methanogens, which typi- 
cally consume acetate as a substrate for CH 4 production. Instead,
the activity of fermentative microorganisms is supported by the 
pr esence of HM whic h maintain the H 2 partial pr essur e below 

10 2 Pa (Nazaries et al. 2013 , Saha et al. 2020 ). The lo w er H 2 par- 
tial pr essur e, as measur ed by headspace pr essur es, is thought to 
tim ulate exer gonic r eactions of acetogenic micr oor ganisms ca-
able of converting butyrate to acetate and propionate to acetate 
r formate (Shen et al. 2016 , Saha et al. 2020 ). This relationship
etween HM and acetogenic micr oor ganisms would account for
he low concentrations of butyrate and propionate, as well as the
ncrease in formate and acetate concentrations at day 14 when a
ignificant pr essur e dr op was detected in the conditions supple-
ented with trypticase peptone and glucose. 

har acteriza tion of the most CH 4 producti v e 

ondition 

he results of the community analysis revealed a reduction in
iversity during the incubation period compared to the inocu- 

um sample, with a remarkable increase of reads assigned to the
ethanothermobacter genus in all analyzed conditions . T his trend is

onsistent with the experimental enrichment approach we used.
ndeed, the observ ed incr ease in Methanothermobacte r abundance
ould be attributed to the effect of a gas mix rich in H 2 , which
r omotes the enric hment of HM (Bassani et al. 2015 , 2017 ). These
ethanogens utilize H 2 as a k e y substrate for CH 4 production.

n accordance, KEGG anal ysis pr edicted the pr esence of a higher
umber of genes associated with this metabolic pathway, com- 
ared to the other methanogenic routes. Compared with the con-
r ol, the enric hed cultur e supplemented with trypticase peptone
 e v ealed a differ ent consortium of bacteria resembling Pseudother-
otoga , Caldicoprotobacter , Camininicella , and Garciella genera, as
ell as a greater percentage of reads attributable to Methanoth-

robacter gen us. Gen us selection can be ascribed not only to the
arbon supply (i.e. trypticase peptone), but also to other parame- 
ers such as neutral pH and temperature that are known to pro-

ote the growth of the aforementioned genera of fermenting mi-
r oor ganisms. KEGG and COG anal yses pr edicted a nearl y com-
lete set of genes for WLP and Calvin Cycle for genera Garciella
nd Caminicella , which are heterotrophic bacteria unable to grow 

n homoacetogenic pathwa ys . According to the liter atur e, they
an ferment complex carbohydrate and proteinaceous substrates 
uch as the trypticase peptone, producing H 2 and CO 2 but also
cetate and formate and other scVFA (Alain et al. 2002 , Miranda-
ello et al. 2003 ). These findings supported the data obtained
r om the subcultur e c har acterization and led us to hypothesize
 syntrophic relationship between Metanothermobacter , Garciella ,
nd Caminicella spp. In a syntrophic scenario, H 2 partial pr essur e
ould be k e pt belo w 10 2 Pa b y HM, allo wing acetogens to react
n an exergonic reaction that converts propionate and butyrate 
nto acetate or formate (Bellini et al. 2024 ). This hypothesis could
e supported by the fact that acetate and formate synthesis be-
an in correlation with the decline in pressure on day 14 of in-
ubation and remained constant throughout the incubation time 
nd for the subculture . T he absence of acetoclastic methanogens
ould be a simple explanation for acetate accumulation. During 
he interspecies electron transfer process, formate and H 2 oper- 
te as electron carriers; interspecies hydrogen transfer (IHT) and 

nterspecies formate transfer (IFT) can occur simultaneously. Lit- 
r atur e suggests that formate serves as a crucial diffusive redox
ediator in methanogenic comm unities, particularl y due to its

igher solubility (Hattori et al. 2001 , Shen et al. 2016 , Saha et al.
020 ). IFT tends to dominate when interspecies distances are sig-
ificant. Conv ersel y, when distances between species are mini-
al, IHT becomes more fa vorable . T his leads us to speculate that

he accumulation of formate resulted from a preferential IHT,
acilitated by the formation of methanogenic a ggr egates whic h
 epr esent functional units comprising diverse microorganisms 
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ssential for the methanogenic degradation of organic matter
Shen et al. 2016 ). 

onclusions 

his study explored a new enrichment strategy and diverse car-
on sources for stimulating methanogenesis using formation wa-
er sampled from an underground gas storage in the perspective
f using depleted reservoirs as biomethanation reactors . T he first
utcome of this study is that the supply of trypticase peptone fa-
ilitated significantly methane production, surpassing other car-
on sources. Gas consumption and CH 4 pr oduction ar e corr elated
o the abundance of the mcrA gene, highlighting how the carbon
ource type influences the methane production yield. The micro-
ial c har acterization of the enric hed consortium obtained when
rypticase peptone was supplied showed shifts in the microbial
omm unity structur e, with the Methanothermobacter dominating
longside other genera while the functional pathway analysis in-
icated the pr e v alence of hydr ogenotr ophic methanogenesis, con-
istent with our experimental data. Syntr ophic inter actions be-
ween Methanothermobacter spp. and fermentative bacteria belong-
ng to the Garciella and Caminicella genus were assumed, facilitat-
ng efficient degradation of the organic matter. The investigated
 eservoir emer ged as a pr omising site for UMR implementation
ith its favorable hydrochemical properties and high cell number
f methanogenic archaea. This work provides the basis for biolog-
cally exploiting the selected depleted gas reservoir for UMR tech-
ology, focusing on the by activation of indigenous methanogenic
rchaea or bioaugmentation strategy. Indeed, the CH 4 yield and
elf-r eduction ca pacity observ ed in the enric hed consortium in-
icated its potential; ho w e v er, further inv estigation under pr es-
ure conditions close to those of deep geological formations are
eeded to pr ov e the UMR feasibility. Further experimental inves-
igations will be carried out in a reactor test to e v aluate the en-
iched methanogenic culture at a higher pressure because the H 2 

onsumption for microbial growth in serum flask assays at 2 bar is
imited b y H 2 lo w dissolution. It will also be necessary to decrease
rypticase peptone concentration and adapt the culture at this
igher pr essur e. Media optimization is also r equir ed because the
omplex composition of trypticase may ov erstim ulate the growth
f undesirable microorganisms and subsequently cause biochem-
cal issues, such as pore clogging (Eddaoui et al. 2021 ). 
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