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The consortium S4CE has access to several field sites across Europe. One among them, 
CarbFix1, is suitable for extensive microbial studies. The present deliverable, D4.7, presents 
the taxonomic and functional analysis of microbial genomes reconstructed from 
metagenomes collected in the groundwater of CarbFix1, a pilot site for the mineral storage 
of CO2 located in the basaltic aquifer near the Hellisheiði geothermal power plant. The 
reactivity of the planktonic basalt-hosted microbial communities resulting from the two sour 
gas injections that took place in 2012 was initially described by Trias et al. (2017) and Ménez 
et al. (in preparation). This new piece of work, focusing on genome analysis, aims to identify 
the metabolic potential of the different taxonomic groups described in these previous studies. 
The bioinformatic analyses were carried out by A. Lecoeuvre under the supervision of B. 
Ménez and E. Gérard (IPGP, Université de Paris) and benefited from the comments of R. 
Boden (University of Plymouth, United Kingdom). 

 

1 LƴǘǊƻŘǳŎǘƛƻƴ 
 

1.1 General context  

The deep subsurface biosphere is the largest ecosystem on Earth (Heberling et al. 2010; 
Gleeson et al. 2016; LaRowe et al. 2017; Magnabosco et al. 2018), representing about twice 
the volume of the oceans. The deep subsurface is usually considered as an extremely 
oligotrophic environment (Hoehler and Jørgensen 2013; Lever et al. 2015), where rocks may 
provide substrates for microbial communities (Bach and Edwards 2003; Edwards et al. 2012). 
For crystalline rocks, since the first explorations of the terrestrial deep biosphere in oil fields 
and coal beds in the 1920s (Bastin et al. 1926), the type of environments studied extended to 
deep aquifers and associated groundwater, oil and gas reservoirs and bedrocks (Magnabosco 
et al. 2018). Recently, microbial communities were detected as deep as 4.4 km below the 
surface within crystalline bedrocks (Purkamo et al. 2020).  

The large igneous provinces (LIPs) represent massive crustal emplacements structured by 
extrusive and intrusive mafic rocks (e.g., basalt) resulting from processes different from 
standard seafloor spreading (e.g., continental flood basalts and associated intrusive rocks, 
volcanic passive margins, oceanic plateaus, submarine ridges, ocean basin flood basalts and 
seamount groups; Coffin and Eldholm 1994). Although LIPs are largely distributed on Earth 
(Coffin and Eldholm 1994), microbial communities inhabiting this mafic environment are still 
poorly explored. Recently, the deep subsurface biosphere of the Deccan Trap, one of the most 
extensive continental LIPs, was described (Dutta et al. 2018). This ecosystem is dominated by 
Proteobacteria, Actinobacteria and Firmicutes. Both autotrophic nitrite, sulfur and hydrogen 
oxidizing bacteria and heterotrophic nitrate and sulfate reducing and methane oxidizing 
bacteria, as well as fermentative bacteria, were found in this basaltic subsurface (Dutta et al. 
2018). Thus, the basaltic subsurface populations might be capable of diverse metabolisms.  

LIPs are considered as a potential interesting target for mineral storage of CO2 (Gislason 
and Oelkers 2014). This industrial process, among other carbon capture and storage (CCS) 
technologies, involves injecting CO2-rich water or gaseous CO2 into a deep aquifer where the 
acidified groundwater would dissolve the mafic rock-forming minerals leading to the release 
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of cations like Fe2+, Mg2+ and Ca2+. Then, these divalent cations can react with the dissolved 
CO2 (in the form of HCO3

- and CO32-) to precipitate as carbonate minerals. As a consequence, 
CO2 mineral storage in basalt is considered as a secure and long-term solution to mitigate 
greenhouse gases emissions (Gislason and Oelkers 2014). To test the feasibility of mineral 
sequestration in basaltic aquifer, one pilot site, namely CarbFix1, was developed at the 
Hellisheiði geothermal powerplant (SW-Iceland; Matter et al. 2009, 2011; Aradóttir et al. 
2011). The S4CE consortium is associated with the CarbFix1 site, and benefits from on-going 
operations in that site. In 2012, before the start of the S4CE operations, мтр ǘ ƻŦ ŎƻƳƳŜǊŎƛŀƭ 
pure CO2 ŀƴŘ то ǘ ƻŦ ŀ Ǝŀǎ ƳƛȄǘǳǊŜΣ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƎŜƻǘƘŜǊƳŀƭ Ǝŀǎ 
harnessed by the plant (75% CO2-24.2% H2S-0.8% H2), were injected. Estimation based on 
reactive and non-reactive tracers suggested that 95% of the injected CO2 were efficiently 
precipitated in the form of carbonate (Matter et al. 2016). Nonetheless, this model did not 
consider the presence of microbial communities inhabiting the deep aquifer. Indeed, the 
microorganisms can actively affect the fate of CO2 and associated carbonation rate since they 
can directly assimilate CO2 through autotrophic metabolisms and use the cations released by 
the basalt dissolution as cofactors in enzymatic complexes (Andreini et al. 2008) or energy 
sources, hence affecting the subsurface redox state and promoting the precipitation of Fe-
oxides/oxyhydroxides and clays with an impact on silicate dissolution rates. Alternatively, 
alkalinizing microbial metabolisms are known to facilitate carbonate precipitation.  

To investigate the effects of CO2 injections on the deep microbial communities, a 
microbiological survey was conducted at the CarbFix1 pilot site (Trias et al. 2017; Ménez et al 
in preparation). Trias et al. (2017) revealed a strong reactivity of the microbial communities 
following injection of pure-CO2 charged groundwater. The release of Fe2+ associated with 
basalt dissolution and the presence of CO2 sustained the bloom of autotrophic iron-oxidizing 
bacteria (FeOB) belonging to the Gallionellaceae family and a subsequent increase in biomass 
(Trias et al. 2017). Using a tag sequencing and metagenomic approach, Trias et al. (2017) 
suggested that polycyclic aromatic hydrocarbons (PAHs) could have been an additional source 
of carbon, promoting microbial blooms. Since the PAHs can be abiotically synthesized from 
CO2 and H2 at high temperature (Zolotov and Shock 2000) and entrapped in basalt vesicles 
and associated clays, the anthropogenic alteration of these mafic rocks following gas 
injections may have released them as well as Fe2+ and other mineral-forming cations (Trias et 
al. 2017). Although Rhodocyclaceae and Desulfotomaculum were suggested to be involved in 
PAHs degradation in the CarbFix1 deep aquifer, the gene-centric approach used by Trias et al. 
(2017) did not allow to conclude on the metabolic potential of these taxonomic groups. The 
injection of the CO2/H2S/H2 gas mixture led to a loss of transmissivity of the injection well due 
to the rock porosity clogging with iron-sulfide precipitations and subsequent biofilm 
formation (Ménez et al. in preparation). Metagenomic analysis of groundwater and basalt 
fragments collected by airlift pumping highlighted a high abundance of Thiobacillus species 
which can be involved in sulfur oxidation and hence may thrive on abiotically precipitated 
iron-sulfides. 
 

1.2 Deliverable objectives 

Within the S4CE consortium, the activities described in Deliverable D4.7 are conducted 
within Task 4.3, within which S4CE partner IPG aims at (i) unravelling the metabolic impact of 
microbial species stimulated at depth by subsurface storage and engineering activity, 
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including gas injections and (ii) characterizing the interactions between microorganisms and 
injected fluids as well as rocks/minerals. Accordingly, unravelling the nature and structure of 
microbial community inhabiting storage sites, their metabolisms and their potential impact 
on the storage itself were among the objectives of Task 4.3. Based on the weak suitability for 
microbiological studies of most of the sites studied in the framework of S4CE, we focused our 
investigations on the Carbfix1 injection site, Iceland.  

In this deliverable, we investigate the metabolic potential of the different taxonomic 
groups based on the reconstruction of genomes from four metagenomes collected at the 
CarbFix1 deep aquifer over time (i.e., two metagenomes collected during the pure CO2 
injection in March and May 2012 and two metagenomes collected during the airlift pumping 
implemented after the gas mixture injection in June 2013) The results are also reported in 
peer-reviewed journal articles (Trias et al., 2017; Ménez et al., in preparation). We focus here 
on the ecological differentiation between samples and the population capabilities to use PAHs 
as a carbon source. This study allows us to identify the different microorganisms involved in 
specific metabolisms and to support hypotheses proposed by Trias et al. (2017). Moreover, 
we demonstrate that anthropogenic alteration of basalt has substantially sustained particular 
microbial ecological functions. 
 

2 aŜǘƘƻŘƻƭƻƎƛŎŀƭ ŀǇǇǊƻŀŎƘ 
 

2.1 Sample collection 

The description of the basaltic aquifer of CarbFix1 and the injection procedures can be 
found in Alfredsson et al. (2013), Gislason and Oelkers (2014), Gislason et al. (2010), Matter 
et al. (2009, 2011) Sigfusson et al. (2015). For the metagenomic study of the pure CO2 
injection, groundwaters were sampled from monitoring well HN-04 in March and May 2012 
(samples HN4_march12 and HN4_may12, respectively) after the injection of commercial CO2, 
as described previously (Trias et al. 2017). Up to 12 liters of groundwater were filtered on 
sterile 0.22 µm SterivexTM-GP filter units (Millipore, Billerica, MA, USA) to avoid clogging or 
tearing of the filters. After sampling, each SterivexTM filter unit was filled with sterile absolute 
ethanol, closed with autoclaved Luer LockTM plugs and stored at -20°C in a sterile FalconTM 
tube until DNA extraction in laboratory (Trias et al. 2017). 

In 2013, an airlift pumping procedure was carried out for backflushing of the injection well 
HN-02 after the clogging of the well and its surrounding. Two airlift pumping samples were 
dedicated to metagenomic analyses (i.e., HN2.AL1 and HN2.AL2). They were collected after 
~80 and 240 min of airlifting, respectively, and allowed recovery of 100% freshwater 
originating from around 500 m depth (20-50°C). 20 l of groundwater were collected over time 
in sterile plastic bags and subsequently filtered on sterile 0.22 µm poly-ethersulfone 
membrane of SteritopTM-GP filter units (Millipore). Filters for both HN2.AL1 and HN2.AL2 
samples were stored at -20°C in FalconTM tubes pre-filled with sterile absolute ethanol until 
DNA extraction. 
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2.2 DNA extraction and sequencing 

Total metagenomic DNA extraction from both SterivexTM and SteritopTM filter units is 
described in Trias et al. (2017). Briefly, filters were removed from the SterivexTM and 
SteritopTM filter units under a laminar flow hood using sterile forceps and cut into small pieces 
with a sterile scalpel. Then, DNA was extracted and purified from filters using the UltraCleanTM 
Water DNA Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) following the 
ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎΦ 5b! ŜȄǘǊŀŎǘǎ ǿŜǊŜ ǎǘƻǊŜŘ ŀǘ -20°C until sequencing of the 
metagenomes. 

DNA extracts were sent to the Marine Biological Laboratory (Josephine Bay Paul Center 
for Comparative Molecular Biology and Evolution, MA, USA) for sequencing of the 
metagenomes (Trias et al. 2017; Ménez et al. in preparation). Before sequencing, DNA 
concentrations of all extracts were measured with the Quant-iT Picogreen dsDNA assay (Life 
Technologies, Carlsbad, CA, USA). Genomic DNA was then fragmented using a Covaris S220 
Focused-ultrasonicator (Covaris Inc., Woburn, MA, USA) to a length of approximately 170 bp. 

Metagenomic libraries preparation was carried out following the NuGEN Ovation® Ultralow 
Library System protocol (NuGEN Technologies Inc., San Carlos, CA, USA) and fragment sizes 
were controlled on an Agilent DNA 1000 Bioanalyzer chip (Agilent Technologies, Santa Clara, 
CA, USA). Then, metagenomic libraries DNA concentrations were determined using a KAPA 

SYBR® FAST Universal qPCR kit (Kapa Biosystems, Boston, MA). Shotgun sequencing was 
performed on an Illumina HiSeq 1000 (Illumina Inc., San Diego, CA, USA) resulted in 2×113 bp 
paired-ŜƴŘ ǊŜŀŘǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ŘŜƳǳƭǘƛǇƭŜȄŜŘ ǳǎƛƴƎ /!{!±! мΦт Ҍ  όLƭƭǳƳƛƴa Inc., San Diego, 
CA) providing individual fastq files with quality scores. 

 

2.3 Metagenomes co-assembly, mapping and binning 

For each metagenome, demultiplexed paired-end reads were quality filtered using the 
aƛƴƻŎƘŜΩǎ ŀǇǇǊƻŀŎƘ όaƛƴƻŎƘŜ Ŝǘ ŀƭΦ нлммύ ƛƳǇƭŜƳŜƴted in the illumina-utils toolkit (Eren et 
al. 2013) with default parameters. Then, all quality filtered read datasets were co-assembled 
using Megahit v 1.13 (Li et al. 2015) with default parameters except that a minimum contig 
length of 1,000 bp was used to ensure robust clustering based on coverage and tetra-
ƴǳŎƭŜƻǘƛŘŜ ŦǊŜǉǳŜƴŎȅΦ /ƻƴǘƛƎ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ƛƳǇƻǊǘŜŘ ƛƴǘƻ ŀƴǾƛΩƻ ǾоΦм ό9ǊŜƴ Ŝǘ ŀƭΦ нлмрύ ŦƻǊ 
further analyses and binning. Quality filtered paired-end reads of each sample were mapped 
to the assembled contigs with bowtie2 (Langmead and Salzberg 2012). To organize 
metagenomic contigs into bins based on tetra-ƴǳŎƭŜƻǘƛŘŜ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ǎŀƳǇƭŜǎΩ ǊŜƭŀǘƛǾŜ 
ŎƻǾŜǊŀƎŜΣ ǿŜ ǳǎŜŘ /hb/h/¢ ό!ƭƴŜōŜǊƎ Ŝǘ ŀƭΦ нлмпύ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀƴǾƛΩƻ ǾоΦмΦ !ƴǾƛΩƻ 
estimates the completeness and redundancy of metagenomic bins using Prodigal v2.6.2 
(Hyatt et al. 2010). HMMER (Eddy 2011) was then used to identify the genetic content (i.e. 
open read frames, ORFs) of assembled contigs and search for their occurrences in two sets of 
single-copy core genes (SCGs) for both archaea (Rinke et al. 2013) and bacteria (Campbell et 
al. 2013). To select the best binning tool for our metagenomic dataset, the CONCOCT binning 
results were compared to several other tools including METABAT (Kang et al. 2015), MyCC 
(Lin and Liao 2016) and MaxBin (Wu et al. 2016) regarding the number of high-quality bins 
assembled. CONCOCT yielded the most metagenomic bins with high completeness and low 
redundancy and was selected for manual refinement of the metagenomic bins. Bins with 
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more than 70% completeness and redundancy below 10% were marked as metagenome 
assembled genomes (MAGs). 

 

2.4 Taxonomic and functional annotations 

The MAGs taxonomy assignment was carried out using GTDB-Tk v0.3.2 (Chaumeil et al. 
2019) based on the Genome Taxonomy Database (GTDB) release 04, itself based on the 
National Center for Biotechnology Information (NCBI) RefSeq 89. This pipeline performs genes 
calling using Prodigal (Hyatt et al. 2010) and can identify 120 bacterial and 122 archaeal 
marker genes (Parks et al. 2018) using HMMER (Eddy 2011). Multiple sequence alignments of 
these marker genes are computed before phylogenetic placement on the GTDB reference 
tree using pplacer (Matsen et al. 2010). The final classification of the MAGs is based on the 
phylogenetic placement on the reference tree, their relative evolutionary divergence and the 
average nucleotide identity (ANI) compared to reference genomes (Chaumeil et al. 2019).  

Phylogenomic tree for the bacterial MAGs was constructed with GToTree (Lee 2019), 
based on 74 SCGs including representative genomes (based on their ANI identified with GTDB-
Tk) of isolated microorganisms recovered from the NCBI (NCBI Resource Coordinators 2015) 
wŜŦ{Ŝǉ ŘŀǘŀōŀǎŜ όhΩ[ŜŀǊȅ Ŝǘ ŀƭΦ нлмсύΦ ²ƘŜƴ ŀǾŀƛƭŀōƭŜΣ ŎƭƻǎŜƭȅ Ǌelated single-cell assembled 
genomes or MAGs from the GenBank database (Benson et al. 2013; Clark et al. 2016), 
according to their ANI calculated with the GTDB-Tk v0.3.2 workflow (Chaumeil et al. 2019), 
were also added to the tree (see Table 1). The phylogenomic tree was then visualized in the 
interactive tree of life (iTOL; Letunic and Bork 2019) website. To assess the metabolic 
potential of each MAG, functional annotation was performed using METABOLIC workflow and 
associated KEGG module (Zhou et al. 2019). Gene functions and metabolic pathways 
estimates rely on protein motifs profiling against the Pfam (Finn et al. 2008), TIGRFAM (Haft 
et al. 2013), and KEGG (Kanehisa et al. 2016a, b; Aramaki et al. 2019) databases. Table 2 
summarizes key genes for the metabolic functions and the respective encoded proteins we 
searched for. In some instance, we searched for whole metabolic pathways to estimate their 
completion based on KEGG annotations 

 

2.5 Metabolic potential for metal redox reactions 

To investigate the microorganisms potentially involved in the iron biogeochemical cycle 
that prevailed during both sour gas injections, three approaches were performed on the MAG 
marker genes identified using Prodigal (Hyatt et al. 2010). First, we looked for sequence 
homologies to the cyc2 genes encoding for the cytochrome c2, proposed to be involved in 
metabolic iron oxidation and recovered from the model FeOB Sideroxydans lithotrophicus 
(NCBI accession ADE10507) and Mariprofundus ferrooxydans (NCBI accession AKN78226.1). 
To this aim, blastp function of the BLAST+ toolkit (Camacho et al. 2009) was first applied with 
encoded protein sequences from each MAG as database, the model protein sequences as 
query and with a minimum e-value of 1ϊ10-5. Second, we searched for genes coding for 
multicopper oxidase (MCO) and multiheme cytochrome c (MHC) in each MAG using Pfam 
ŀƴƴƻǘŀǘƛƻƴ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀƴǾƛΩƻ ό9ǊŜƴ Ŝǘ ŀƭΦ нлмрύΦ ¢ƘŜǎŜ ŜƴȊȅƳŜǎ ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ 
suggested to be involved in iron and metal metabolisms (Emerson et al. 2013; He et al. 2017; 
Meier et al. 2019). Respective Pfam code for MCO and MHC are PF00394 and PF09699 (Finn 
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et al. 2008; El-Gebali et al. 2019). Finally, METABOLIC annotations were used to search for the 
presence of key genes involved in metal redox reactions. 

 
Table 1: List of reference assembled genomes used for the phylogenomic analysis. Taxonomy is presented 
according to the Genome Taxonomy Database r89. 

Phylum  

Genome taxonomy 
Accession 

Phylum/Class 

Genome taxonomy 
Accession 

Acidobacteriota Alphaproteobacteria 

Geothrix fermentans DSM14018 GCF_000428885.1 Hyphomonadaceae SWB02 GCA_003242075.1 

Pyrinomonadaceae OLB17 GCA_001464455.1 Sphingomonadaceae Ga0077559 GCA_001464315.1 

Bacteroidota Gammaproteobacteria 

Flavobacteriaceae CG1-02-35-72 GCA_002793215.1 Lysobacter dokdonensis DS-58 GCF_000770795.1 

Melioribacteraceae Fen-1258 GCA_002839795.1 Burkholderiaceae UBA2334 GCA_002344885.1 

Campylobacterota Rhodocyclaceae UTPRO2 GCA_002840845.1 

Sulfuricurvum kujiense DSM 16994 GCF_000183725.1 Rhodocyclaceae UBA2250 GCA_002347405.1 

Sulfuricurvum sp002282015 GCA_002282015.1 
Sulfuritalea hydrogenivorans  

DSM 22779 
GCF_000828635.1 

Desulfobacterota Gallionella capsiferriformans ES-2 GCF_000145255.1 

DesulfobulbaceaeUBA2262 GCA_002347095.1 Candidatus Gallionella acididurans GCA_001577345.1 

Firmicutes_B Sideroxydans lithotrophicus ES-1 GCF_000025705.1 

Desulfotomaculum profundi Bs107 GCF_002607855.1 Ferriphaselus amnicola OYT1 GCF_000974685.1 

Desulfotomaculum reducens MI-1 GCF_000016165.1 
Thiobacillus denitrificans  

ATCC 25259 
GCF_000376425.1 

Desulfotomaculum ferrireducens 

 GSS09 
GCF_002005145.1 Thiobacillus thioparus DSM 505 GCF_000373385.1 

Carboxydocella thermautotrophica 

 019 
GCF_003047205.1 Hydrogenophilaceae UBA3361 GCA_002784045.1 

Carboxydocella thermautotrophica 

 041T 
GCF_003054495.1 Spirochaetota 

Nitrospirota Treponemales UBA8932 GCA_002427685.1 

Thermodesulfovibrionales UBA9935 GCA_002634385.1    

Planctomycetota    

Planctomycetota UBA1135 GCA_002683825.1    
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Table 2: List of key genes of interest and encoded enzymes searched for the evaluation of metabolic potentials 
across MAGs and their associated metabolisms and pathways. Metabolic pathways completion investigated in 
this study based on KEGG annotationsare identified by an asterisk. 

Metabolisms Key genes Encoded enzymes Metabolisms Key genes Encoded enzymes 

Autotrophic carbon fixation S metabolisms 

Calvin-Benson-

Bassham cycle* 

rbcL/rbcM RuBisCO Sulfide oxidation sqr Sulfide:quinone 

oxidoreductase 

Reductive acetyl-

CoA pathway* 

cooS Ni-CO dehydrogenase Thiosulfate 

oxidation* (SOX) 

soxY Sulfur-oxidizing protein 

SoxY 

cdhDE Acetyl-CoA synthase Thiosulfate 

oxidation (S4I) 

tsdA Tetrathionate 

dehydrogenase 

Reverse 

tricarboxylic acid 

cycle* 

aclAB ATP-citrate lyase Sulfate reduction aprAB Adenylyl sulfate 

reductase 

C1 compoundsô oxidation Sulfite reduction*/ 

Sulfur oxidation 

dsrAB 

dsrD 

Dissimilatory sulfite 

reductase Formate oxidation fdhAB Formate 

dehydrogenase 

Aerobic 

methanotrophy* 

pmoABC/ 

mmoBD 

Methane 

monooxygenases 

Thiosulfate dis-

proportionation 

phsA Polysulfide reductase 

Aerobic 

carboxydotrophy 

coxSML Mo-CO dehydrogenase Metal redox reactions 

Fermentation Fe2+ oxidation cyc2 Cytochrome c2 

Acetogenesis* ack Acetate kinase Metal reduction mtrBC Outer membrane 

decaheme cytochrome c 

Lactate utilization ldh L-lactate 

dehydrogenase 

Detoxification/metal 

oxidation 

MCO Multicopper oxidase 

Pyruvate oxidation porA Pyruvate ferredoxin 

oxidoreductase 

Extracellular 

electron transfer 

MHC Multiheme cytochrome c 

(Polycyclic) aromatic hydrocarbon degradation H2 metabolisms 

Aerobic phenol 

degradation 

ubiH 2-octaprenyl-6-

methoxyphenol 

hydroxylase 

H2 evolution (fermentation) [FeFe]-hydrogenases 

group A1,A3 and B 

Benzoyl-CoA 

reduction* 

bcrABCD Benzoyl-CoA 

reductase 

H2 uptake/Electron bifurcation [FeFe]-hydrogenases 

group A4 

Benzene 

degradation* 

dmpK/poxA Phenol/toluene 2-

monooxygenase 

Hydrogenotrophy [NiFe]-hydrogenases 

group 1 

Catechol meta-

cleavage* 

dmpB/xylE Catechol 2,3-

dioxygenase 

Aerobic hydrogenotrophy [NiFe]-hydrogenases 

groups 2a,2d,2e 

O2 metabolism Bidirectional H2 oxidoreduction [NiFe]-hydrogenases 

groups 3a,3b,3d 

Aerobic respiration 

(cytochrome c) 

coxAB aa3-type H2-evolution (fermentation) [NiFe]-hydrogenases 

groups 4a-g 

ccoNOP cbb3-type    

N metabolisms    

N2 fixation* nifDK/nifH Nitrogenase    

Nitrate reduction napA/narG Nitrate reductase    

Denitrification* nirKS NO-forming nitrite 

reductase 

   

Dissimilatory 

nitrite reduction* 

nrfA/nirB NH4+-forming nitrite 

reductase 
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3 {ǳƳƳŀǊȅ ƻŦ ŀŎǘƛǾƛǘƛŜǎ ŀƴŘ ǊŜǎŜŀǊŎƘ ŦƛƴŘƛƴƎǎ 
 

3.1 MAGs recovery 

The metagenomic sequencing and quality filtering resulted in 14.4 to 26.8 million high 
quality paired-end reads for all groundwater samples from both HN-02 and HN-04 wells 
(Table 3). The co-assembly of these paired-end reads led to a total of 87,450 contigs 
accounting for 336,528 ORFs according to Prodigal (Table 3). Based on CONCOCT binning 
process and manual refinement, we were able to reconstruct 46 MAGs with at least 70% 
completeness and a maximum redundancy of 10% (i.e. 45 bacterial and 1 archaeal draft 
genomes). We included the MAG38 which presents a completeness of less than 70% but very 
close to our threshold value (69.78%) and represents an interesting phylotype. Overall, 
between 73% and 92% of the quality filtered paired-end reads were recruited to the co-
assembled contigs, while MAGs read recruitment ranged from 49% to 83% (Table 3). 

 
Table 3: Quality filtering and co-assembly processes of the paired-end reads from the four metagenomes of 
CarbFix1 groundwater sampled in well HN-02 in June 2013 and in well HN-04 in March and May 2012. 

 HN2.AL1 HN2.AL2 HN4_march12 HN4_may12 

# paired-end reads 22,403,179 30,353,283 16,975,791 16,588,950 

# quality filtered 

paired-end reads 
19,365,091 26,846,133 14,753,322 14,438,121 

# contigs 87,450 

Reads mapped to 

contigs (%) 
73.82 80.71 91.26 72.82 

# genes (Prodigal) 336,528 

Reads mapped to 

MAGs (%) 
54.75 48.67 82.52 55.06 

 

Table 4 summarizes the binning results regarding the MAGs completeness, redundancy, 
GC content, genome size, number of genes and the taxonomy according to GTDB-Tk v0.3.2. 
The 46 MAGs are distributed over 14 phyla, including 1 phylum for the archaeal MAG (i.e. 
Crenarchaeota) and 13 bacterial phyla for which the Proteobacteria represent 19 MAGs 
(Figure 1). The second most diversified phylum (with different 6 MAGs) corresponds to the 
candidate phylum Patescibacteria, whereas the most diversified one relates to 
Proteobacteria.  

According to the mean coverage values, the dominant bacterial MAGs in all the samples 
belong to the Gammaproteobacteria, in particular the order Burkholderiales and the 
Bacteroidota (formerly affiliated to Betaproteobacteria; Parks et al. 2018) but these MAGs all 
differ strongly between samples (Figure 2). The only archaeal draft genome reconstructed is 
affiliated to the genus Nitrosotenius and is only relatively abundant in the two metagenomes 
retrieved in groundwater from the monitoring well HN-04, although slightly more abundant 
in May 2012 than in March 2012.  
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Table 4: Overview of the metagenome assembled genomes statistical results. Compl, completeness; Red, 
redundancy. Note that the former class Betaproteobacteria, whose bloom was highlighted in the CarbFix1 
aquifer by Trias et al. (2017), was reclassified as an or order within the class Gammaproteobacteria (Parks et al. 
2018). It concerns notably the genus Sideroxydans among the Gallionellaceae, the Thiobacillus genus and the 
Rhodocyclaceae family. 

MAGs Compl. 

(%) 

Red. (%) Size (Mb) GC (%) Number of 

genes 

GTDB-Tk classification 

Phylum Classification 

MAG1 80.58 3.60 2.75 68.12 2,780 Acidobacteriota s_Geothrix sp00353815 

MAG2 92.09 2.88 4.09 52.73 3,982 f_Pyrinomonadaceae; 

g_OLB17 

MAG3 97.84 9.35 1.91 52.44 1,933 Actinobacteriota f_Nanopelagicaceae 

MAG4 86.33 2.16 1.61 49.82 1,758 c_UBA1414 

MAG5 86.33 0.72 1.99 32.13 1,975 Bacteroidota f_Flavobacteriaceae; 

g_CG1-02-35-72 

MAG6 92.81 2.16 3.31 39.10 3,273 f_Chitinophagaceae; 

g_UBA1931 

MAG7 100.00 2.16 3.56 36.71 3,163 f_Melioribacteraceae; g_Fen-

1258 

MAG8 99.28 7.91 2.94 37.57 2,747 o_UBA10030 

MAG9 75.54 2.88 1.35 56.78 1,499 Bipolaricaulota c_Bipolaricaulia; o_RBG-16-

55-9 

MAG10 95.68 2.16 2.32 40.35 2,720 Campylobacterota g_Sulfuricurvum 

MAG11 82.01 0.00 2.03 52.84 1,937 Desulfobacterota f_Desulfurivibrionaceae; 

g_UBA2262 

MAG12 98.56 7.19 2.65 49.05 2,767 Firmicutes_B s_Desulfotomaculum H 

profundi 

MAG13 97.84 6.47 4.10 49.70 4,052 o_Carboxydocellales 

MAG14 94.24 3.60 3.27 48.12 3,387 Nitrospirota o_Thermodesulfovibrionales; 

f_UBA6898 

MAG15 86.33 3.60 2.07 49.48 2,360 o_Thermodesulfovibrionales; 

f_UBA9159 

MAG16 89.21 4.32 3.13 59.16 3,252 o_Thermodesulfovibrionales; 

g_GCA-2634385 

MAG17 92.81 5.76 3.71 57.06 3,690 f_UBA9217 

MAG18 82.73 0.72 0.82 50.29 922 Patescibacteria c_Paceibacteria;  

g_1-14-0-10-45-20 

MAG19 70.50 0.00 0.61 38.21 611 c_Paceibacteria;  

f_UBA9933 

MAG20 76.26 0.72 1.08 39.44 1,306 c_Paceibacteria;  

f_GWB1-50-10 

MAG21 82.73 0.72 1.21 39.39 1,186 o_Magasanikbacterales; 

g_UBA12086 

MAG22 81.29 0.00 1.01 54.61 1,077 f_PEXW01 

MAG23 77.70 1.44 1.16 39.98 1,135 c_Microgenomatia; 

f_GWC2-37-13 

MAG24 94.24 5.76 5.48 69.13 4,416 Planctomycetota f_GCA-002686595 

MAG25 98.56 1.44 3.57 62.60 3,675 Alpha-

proteobacteria 

f_Hyphomonadaceae; 

g_SWB02 

MAG26 91.37 1.44 3.39 57.06 3,536 f_Sphingomonadaceae; 

g_Ga0077559 

MAG27 84.17 0.72 2.05 62.81 2,199 f_Ferrovibrionaceae 

MAG28 84.89 0.72 4.31 67.95 4,032 Gamma-

proteobacteria 

g_Lysobacter_A 

MAG29 91.37 1.44 1.82 60.37 1,950 f_Ga007554 

MAG30 94.96 2.16 3.44 65.32 3,306 f_Burkholderiaceae; 

g_UBA2334 

MAG31 100.00 2.16 3.78 66.35 3,559 f_Burkholderiaceae 
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MAG32 85.61 2.88 3.76 64.50 4,008 g_Sulfuritalea 

MAG33 70.50 0.72 2.63 61.33 3,141 f_Rhodocyclaceae; 

g_UBA2250 

MAG34 98.56 2.16 3.75 65.71 3,616 f_Rhodocyclaceae 

MAG35 99.28 0.72 3.42 64.76 3,269 f_Rhodocyclaceae; 

g_UTPRO2 

MAG36 97.12 0.00 2.46 58.70 2,371 g_Gallionella 

MAG37 98.56 0.72 2.51 55.46 2,485 g_Sideroxydans 

MAG38 69.78 2.16 2.22 56.62 2,305 g_Ferriphaselus 

MAG39 76.26 2.88 2.50 59.66 2,561 g_Thiobacillus 

MAG40 84.89 1.44 3.04 66.20 3,320 

MAG41 98.56 0.72 2.77 63.49 2,797 

MAG42 98.56 2.16 2.19 56.22 2,265 f_ Hydrogenopǧilaceae 

MAG43 98.56 2.88 4.20 63.11 4,066  f_Hydrogenopǧilaceae; 

g_UBA3361 

MAG44 73.38 5.76 2.15 51.65 2,158 Spirochaetota o_Treponematales; 

g_UBA8932 

MAG45 94.24 3.60 2.44 50.65 2,188  o_Treponematales; 

f_UBA8932 

MAG46 84.57 4.94 1.42 45.40 1,730 Crenarchaeota g_Nitrosotenius 

 

3.2 Shift of taxonomic groups over time following various gas injections 

The 46 MAGs relative abundance highlighted by the mean coverage values are drastically 
different between samples (Figure 2).  

The HN-04 groundwater population genomes in March 2012 are overrepresented by 
bacterial MAGs affiliated to the Gallionellaceae family, that are poorly detected in the other 
metagenomes. The Gallionellaceae family is represented by three MAGs (i.e. MAG36, 37 and 
38) among which the MAG37 belonging to the Sideroxydans genus dominates the planktonic 
community in March 2012. MAG37 seems to differ phylogenomically from the genome of 
Sideroxydans lithotrophicus strain ES-1 (Figure 1; Emerson et al. 2013). Other bacteria that 
also predominate in the groundwater population genomes in March 2012 belong to the 
Rhodocyclaceae family (i.e. MAG34 and 35). These MAGs are also abundant in the 
metagenome sampled in May 2012 and, to a lesser extent, in the HN2.AL2 metagenome 
(Figure 2).  

As of May 2012, the planktonic population genomes from monitoring well HN-04 differ 
widely from those of March 2012 with the dominance of MAG40 and MAG7 (Figure 2), which 
were classified as Thiobacillus genus and Melioribacteraceae family (Bacteroidota), 
respectively. The Thiobacillus MAG40 is not affiliated to the Thiobacillus denitrificans species 
(Figure 1). As already mentioned, the Rhodocyclaceae affiliated MAGs are also abundant 
MAGs in May 2012, just as MAGs classified as Hydrogenophilaceae (MAG43) and Bacteroidota 
(MAG8). Patescibacteria (MAG21 and 23), Actinobacteriota (MAG4) and Desulfotomaculum 
profundi (MAG12) are also represented in May 2012 but at much lower abundances.  

In sample HN2.AL1, MAG41 recruited by itself 25% of all metagenomic reads. This 
overrepresented MAG is classified as Thiobacillus genus, also it seems to differ from MAG40 
(Figure 1) which is poorly detected in sample HN2.AL1 compared to HN4_may2012. Other 
relatively abundant MAGs in sample HN2.AL1 belong to unclassified Burkholderiaceae 
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(MAG31) and Hydrogenophilaceae (MAG42), a third Thiobacillus genus (MAG39), the 
Lysobacter genus (MAG28), and two Alphaproteobacteria (i.e. the Hyphomonadaceae and 
Sphingomonadaceae family, for MAG25 and 26, respectively).  

Sample HN2.AL2 shows a very different population genome dominated by 
Melioribacteraceae (MAG7), Thermodesulfovibrionales (MAG14), Desulfurivibrionaceae 
(MAG11) and the candidate taxon Paceibacteria (MAG19 and 22) (Figure 2). The Thiobacillus 
genus (MAG41) and the Sulfuritalea genus (MAG32) belonging to the Rhodocyclaceae are also 
detected. 

 

 
Figure 1: Taxonomic diversity of the bacterial MAGs reconstructed from the 4 metagenomes sampled at CarbFix1 
(Hellisheiði) deep aquifer. When available, representative genomes of isolated microorganisms, closely related 
single-cell assembled genomes or MAGs recovered from NCBI RefSeq or GenBank databases are also included 
to the phylogenomic tree and annotated according to the Genome Taxonomy Database (see Table 1). Bootstrap 
values over 95% are indicated as black dots on their respective nodes. It should be noted that the archaeal 
MAG46 is not included to keep a substantial number of single-copy core genes allowing all bacterial MAGs 
comparison. 
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3.3 Potential metabolic functions 

Carbon metabolisms 

To explore the capabilities of each MAG to fix inorganic or organic carbon through 
autotrophic or heterotrophic pathways, we looked for the presence of associated key genes 
and pathways completeness through the KEGG module identified with the METABOLIC 
workflow (Table 2). 

Among the 46 individual MAGs, 26 contain key genes for autotrophic CO2 fixation 
according to all databases (Pfam, TIGRFAM and KEGG) (Figure 2). Genes encoding for the 
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; rbcL), the key enzyme of the 
Calvin-Benson-Bassham (CBB) cycle, were the most largely distributed. They are found in 19 
MAGs among which 5 MAGs own the gene encoding for the form I, 3 MAGs have the gene 
encoding for the form II and 3 MAGs have gene encoding for both forms I and II. According to 
database hits, the MAGs, 25, 26, 28 and 41 show a gene encoding the RuBisCO form III. The 
remaining MAGs present unknown form while they were identified by their sequence 
homologies. All these MAGs belong mainly to Burkholderiales, including the three 
Gallionellaceae MAGs (MAG36-38), the two Rhodocyclaceae MAGs (MAG34 and 35) and two 
of the three Thiobacillus MAGs (MAG39 and 41). The key genes coding for the RuBisCO form 
II are also detected in Desulfotomaculum profundi (MAG12) (Figure 2). In addition, gene 
annotation highlights the presence in 6 MAGs of key genes of the carbonyl branch of the 
Wood-Ljungdahl (WL) pathway (i.e. cooS for the anaerobic CO dehydrogenase and cdhD/cdhE 
for the acetyl-CoA synthase) (Figure 2). These 6 MAGs all correspond to low abundance taxa, 
with the exception of the MAG14 classified as Thermodesulfovibrionales that is very 
abundant in sample HN2.AL2. Finally, only MAG10, affiliated to the Sulfuricurvum genus 
(Campylobacterota), contains the key genes of the reverse tricarboxylic acid (rTCA) cycle (i.e. 
aclAB). However, only 15 MAGs among those cited above show nearly complete autotrophic 
pathways. Among the 19 MAGs with key genes encoding any form of the RuBisCO, 13 MAGs 
present a nearly complete CBB cycle. Only 2 MAGs show a complete WL pathway, including 
the abundant MAG14. The MAG10 does not present a full rTCA pathway. Other autotrophic 
CO2 fixation pathways are incomplete and key genes are only sparse among MAGs, suggesting 
that these pathways do not occur in the Carbfix1 aquifer. 

Regarding potential metabolisms based on C1 organic compounds, genes coding for the 
formate dehydrogenase responsible for formate oxidation (i.e. fdhAB, fdwB or fdoGH) are the 
most abundant and largely distributed (Figure 2). They are detected in 21 MAGs representing 
8 phyla. Among these MAGs, only one MAG affiliated to the Burkholderiaceae (MAG30) owns 
in addition complete pathway for aerobic methanotrophy. The MAG46, the only archaeal 
draft genome classified as Nitrosotenius genus, does not show genes or pathway for 
methanogenesis. Although 10 MAGs own at least one of the genes coding for the aerobic CO 
dehydrogenase (coxSML), responsible for aerobic carboxydotrophy, only the MAG31, 
affiliated to an unclassified Burkholderiaceae, presents the full cluster of genes for this 
enzyme. Despite uncomplete genomes, the Ferrovibrionaceae MAG27, the Carboxydocellales 
MAG13 and the unclassified Actinobacteriota MAG4, all lacking only one gene of the cluster, 
may also be involved in aerobic carboxydotrophy. 
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Potential fermentative microorganisms include 31 MAGs that contain at least one gene 
involved in heterotrophic acetogenesis (i.e., ack coding for the acetate kinase). However, only 
11 of them show a nearly complete pathway according to the KEGG module annotation. This 
includes MAGs affiliated to the Rhodocyclaceae (MAG33, 34 and 35), the 2 reconstructed 
Firmicutes_B MAGs (MAG12 and 13) and Acidobacteriota (MAG1 and 2), 3 of the 4 
Bacteroidota MAGs (MAG5, 7 and 8) and a Burkholderiaceae MAG (MAG30). In addition, 17 
MAGs own the porA gene coding for the pyruvate ferredoxin oxidoreductase responsible for 
pyruvate oxidation, among which 5 of the 11 potentially acetogenic MAGs cited above are 
found. Six additional MAGs present key genes for the lactate utilization (i.e. porA). None of 
the 46 MAGs show the capability to metabolize organic compounds through alcoholic 
fermentation. 

Polycyclic aromatic hydrocarbons as a source of carbon 

To test the hypothesis that PAHs were a potential source of carbon in the CarbFix1 deep 
aquifer during anthropogenic gas injections, we investigated in our 46 MAGs the presence of 
key genes proposed to be involved in PAH degradation by Trias et al. (2017) (Table 2). 
Additionally, we looked for the completeness of aromatic compound degradation pathways 
through KEGG module annotation. Overall, these key genes were detected in a large number 
of MAGs ranging from 4 MAGs for the cluster of bcrABCD genes involved in benzoyl-CoA 
reduction to 11 MAGs for the ubiH gene involved in aerobic degradation of phenolic 
compounds (Figure 2). Nevertheless, most of these key genes, in particular the ubiH gene, are 
systematically identified in the MAGs related to chemolithoautotrophic bacteria, including 
the Gallionellaceae (MAG36-38) and the Thiobacillus (MAG39-41) members. Complete 
metabolic pathways involved in aromatic compounds degradation are only identified in few 
MAGs and include the benzene and benzoyl-CoA degradation and the catechol meta-
cleavage. In particular, the MAG30, a Burkholderiaceae member detected in all samples and 
relatively abundant in March 2012, is the only one showing the capability to degrade benzene 
to catechol and to cleave subsequently the latter up to propanoyl-CoA. In addition, two 
Rhodocyclaceae members MAGs (MAG35 and 32 abundant in both HN-04 samples and 
HN2.AL2 sample, respectively) own nearly complete pathway for the degradation of benzoyl-
CoA. 
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Figure 2: Abundance and functional genes profile of the 46 MAGs across the four CarbFix1 (Hellisheiði) 
groundwater metagenomes. Abundances are expressed as the logarithm based mean coverage to allow direct 
comparison between samples. Heat maps of gene detection are colored according to chemical species (blue, 
carbon; grey, oxygen; green, nitrogen; orange, sulfur; red, metals; purple, dihydrogen). According to KEGG 
annotations, complete or near complete metabolic pathways related to the key metabolic genes are indicated 
ōȅ ŀ άҌέΦ CŜǊƳΦ ƛƴŘƛŎŀǘŜǎ ŦŜǊƳŜƴǘŀǘƛƻƴΦ 
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Identification of aerobic microorganisms 

While the CarbFix1 deep aquifer is considered as an anoxic environment (Snæbjörnsdóttir 
et al. 2017), we nonetheless searched for potential aerobic respiration in our MAGs by looking 
for the presence of genes encoding cytochrome c (Table 2), since such genes were identified 
previously in the CarbFix1 metagenomes (Trias et al. 2017). The genes ccoNOP, coding for the 
cytochrome c oxidase cbb3-type expressed in microoxic niches, are detected in 28 MAGs, 
including all the Gammaproteobacteria MAGs among 7 phyla (Figure 2). Half of the 46 MAGs, 
covering 8 phyla, contains the genes coxAB coding for the cytochrome c oxidase aa3-type 
expressed in environments with high O2 partial pressure. Note that 17 of them also own the 
ccoNOP genes. These 17 MAGs include the dominant Thiobacillus related MAGs (MAG39-41) 
and Rhodocyclaceae MAGs (MAG34 and 35), although the Gallionellaceae only have the 
ccoNOP genes.  

Nitrogen, sulfur, and H2 metabolisms 

We investigated the potential utilization of other electron acceptors and inorganic 
electrons donors associated with nitrogen and sulfur compounds, as well as H2, through the 
detection of key genes (Table 2) and assessment of the completeness of metabolic pathways 
among the different MAGs. 

The results demonstrate the presence in 13 MAGs of genes nifDK and/or nifH, coding for 
the MoFe-nitrogenase and the Fe-nitrogenase, respectively, both involved in N2 fixation 
(Figure 2). Furthermore, 19 MAGs show the metabolic capability to use nitrate as electron 
acceptor. Indeed, all these MAGs have complete pathway for the dissimilatory nitrate 
reduction, although only 6 of them can potentially reduce nitrate through the full 
denitrification pathway (Figure 2). Genes involved in dissimilatory nitrate reduction were 
present in 6 different phyla whereas full denitrification pathway were identified only in the 
Burkholderiaceae MAG30, some Rhodocyclaceae MAGs (MAG32, 34 and 35) and only one 
Thiobacillus member MAG (MAG40), all belonging to the Burkholderiales order. 

Although dsrAB genes are usually used as key genes for the dissimilatory sulfate reduction 
pathways, the dissimilatory sulfite reductase encoded by these genes may function in both 
directions and they are used as indicator of HS- oxidation in METABOLIC workflow (Table 2; 
Zhou et al 2019). These genes are detected in 16 MAGs (Figure 2) among which 13 present a 
nearly complete dissimilatory sulfate reduction pathway according to KEGG annotation. 
However, only 6 of them own the dsrD gene (Figure 2) used as key marker for dissimilatory 
sulfite reduction. It includes the MAG12 related to Desulfotomaculum profundi, all the 
Nitrospirota members (MAG14-17) and the Desulfurivibrionaceae MAG11. The aprA gene, 
coding for the adenylyl sulfate reductase, is also detected in 10 of the 13 potential sulfate-
reducing bacteria (SRB). Furthermore, 17 MAGs show a nearly complete SOX genes complex 
involved in thiosulfate oxidation among which 9, all belonging to the Burkholderiales, also 
own the dsrAB genes (Figure 2). Only 2 MAGs own the tsdA gene coding for the tetrathionate 
dehydrogenase involved in thiosulfate and tetrathionate oxidation through the S4I pathway 
(aka Kelly-Trudinger pathway): one MAG belonging to Chitinophagaceae family and only one 
Thiobacillus member (MAG41) which dominates the sample HN2.AL1. Additionally, 12 MAGs 
also contain the sqr gene involved in sulfide oxidation. Overall, we notice that several 
Burkholderiales, in particular one Rhodocyclaceae member (MAG35) and 4 
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Hydrogenophilaceae members (MAG39-42) including all the Thiobacillus MAGs, own a large 
diversity of genes involved in ǎǳƭŦǳǊ ŎƻƳǇƻǳƴŘǎΩ ƻȄƛŘŀǘƛƻƴΦ CƛƴŀƭƭȅΣ ǿŜ ƻōǎŜǊǾŜ ƛƴ у a!Dǎ ǘƘŜ 
presence of the phsA gene coding for the polysulfide reductase chain A involved in thiosulfate 
disproportionation (Figure 2). 

Furthermore, we considered the MAGs potentially involved in H2 oxidation or production 
by investigating the presence of hydrogenase groups. 17 MAGs own at least one gene 
encoding a [FeFe]-hydrogenase group. The group A4, involved in H2 uptake or electron 
bifurcation, is the most abundantly detected, and is represented in 11 MAGs (Figure 2). 
Groups A1 and A3, both involved in H2 evolution through fermentation or electron 
bifurcation, are represented in 6 of the 17 MAGs, while group B is additionally identified in 3 
of them. The [NiFe]-hydrogenase groups and subgroups are more abundant than [FeFe]-
hydrogenases and are identified in 26 MAGs. Potential hydrogenotrophs include 18 MAGs (17 
with genes encoding group 1 and 3 MAGs with subgroups 2a, 2d, 2e) among 6 of the 13 
highlighted phyla, including the unique Archaea phylum. The subgroups 3a, 3b, 3d, related to 
bidirectional [NiFe]-hydrogenases, are also largely distributed among 14 MAGs affiliated to 5 
different phyla (Figure 2). Finally, the fermentation-related [NiFe]-hydrogenase group 4a-g is 
rarely identified, corresponding only to 3 MAGs among which the two Firmicutes and the 
unique Sulfurovum (Campylobacterota) MAG10. 

Metabolic potential for metal oxidoreduction 

The cyc2 gene homologous sequences are detected in 5 MAGs including the three 
Gallionellaceae MAGs (MAG36-38), Bacteroidota MAG8 and another Gammaproteobacteria 
MAG (MAG29) (Figure 2). While the MAGs affiliated to the Gallionellaceae are dominant in 
HN4_march12 sample, MAGs 8 and 29 are mostly detected in HN4_may12 and HN-02 
samples, respectively, but at lower abundances. 

The Pfam annotation led to the identification of 29 and 24 MAGs with MCO and MHC 
motifs, respectively, 17 of them having both motifs. These latter MAGs include all MAGs 
affiliated to Nitrospirota (MAG14-17), the unique representative of Desulfurivibrionaceae 
(MAG11), only two Rhodocyclaceae MAGs (MAG32 and 33) and the Planctomycetota MAG24. 
Almost all are mostly recovered in HN2.AL2 sample (Figure 2). We observe that two 
Gallionellaceae (MAG37 and 38) and two Rhodocyclaceae (MAG34 and 35), dominating the 
HN4_march12 sample, contain MHC decaheme motifs but no MCO motif. Inversely, two of 
the most dominant Thiobacillus (MAG40 and 41) own only MCO motifs.  

According to TIGRFAM annotation, the mtrBC genes involved in iron or manganese 
reduction are detected in 6 MAGs that are all particularly abundant in the HN2.AL2 sample 
(Figure 2), with the exception of the MAG16 (i.e. a Thermodesulfovibrionales only detected 
in HN4_may12 sample but at relatively low abundance). Two of the 6 MAGs (namely MAG11 
and 14, a Desulfurivibrionaceae and a Thermodesulfovibrionales, respectively) account for 
the most dominant groups in HN2.AL2 sample. 
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4 5ƛǎŎǳǎǎƛƻƴ 
 

The CarbFix1 pilot site at Hellisheiði represents a unique environment to study the 
microbial response to sour gas injection and hence to anthropogenic alteration of associated 
rocks. In order to study the metabolic capabilities of the diverse microbial communities 
associated with this response, we conducted a genome-resolved metagenomic analysis on 
the groundwater of a monitoring well and on clogging material retrieved by airlift pumping 
from the injection well at different times. 

 

4.1 Metabolic adaptations and ecological differentiation 

The analysis conducted within S4CE reveals that in March 2012, the fast-flowing fraction 
of pure CO2-charged groundwater reached the monitoring well HN-04 (Matter et al. 2016), 
resulting in a large shift in the microbial community composition (Trias et al. 2017). The CO2-
charged groundwater led to a decrease of pH from ~9 down to near neutral pH conditions 
which subsequently promoted the dissolution of basalt and release of cations such as Fe2+, 
Mg2+,Ca2+, Mn2+, Ni2+, and Zn2+ hence bioavailable as sources of energy or cofactors in 
enzymatic complexes for particular microorganisms (Trias et al. 2017). In agreement with 
results from Trias et al. (2017), the dominant MAG recovered from HN4_march12 sample is 
affiliated to a Gallionellaceae belonging to the Sideroxydans genus (Figures 1 and 2). 
However, this MAG (MAG37) was not annotated to the species level suggesting it may 
correspond to an uncharacterized species differing from Sideroxydans lithotrophicus 
(Emerson et al. 2013). In addition to the MAG37, we identified two other Gallionellaceae that 
are only dominant in HN4_march12 sample and were classified in the Gallionella and 
Ferriphaselus genus (Figure 1 and Table 4). The Gallionellaceae may benefit from the 
increased Fe2+ concentrations induced by basalt dissolution and the high dissolved inorganic 
carbon (DIC) level (Matter et al. 2016; Trias et al. 2017; Snæbjörnsdóttir et al. 2017). Indeed, 
they can thrive as FeOB as suggested by the presence of cyc2 gene homologues in all these 
MAGs (Figure 2). This result supports the significant correlation between Gallionellaceae 
abundance and Fe2+ concentration observed previously (Trias et al. 2017). Other potential 
FeOB containing a cyc2 gene homologue were only poorly detected in HN4_march12 
metagenome suggesting that they do not encountered proper environmental conditions to 
thrive as FeOB and were outcompeted by the Gallionellaceae. The latter may also have 
contributed to mineral dissolution as suggested by the presence of decaheme cytochrome c 
in their genomes which could be involved in extracellular electron transfer (EET) (Emerson et 
al. 2013; He et al. 2017; Meier et al. 2019). Indeed, a recent study demonstrated that 
enrichment in such EET related genes in FeOB was associated with an important increase in 
mineral oxidation and ATP synthesis in granite (Napieralski et al. 2019). Furthermore, the 
three Gallionellaceae related MAGs own a complete CBB cycle with a RuBisCO form II (Figure 
2), highlighting their capability to fix CO2 notably provided by the first gas injection. The 
RuBisCO form II is particularly expressed under microoxic conditions with high CO2/O2 ratio 
(Berg 2011; Böhnke and Perner 2017). The capability of Gallionellaceae to grow under such 
microoxic conditions is also supported by the presence of genes encoding the cytochrome c 
oxidase cbb3-type (Figure 2) in all Gallionellaceae draft genomes. This result contrasts with 
the assumption that the CarbFix1 aquifer is anoxic (Snæbjörnsdóttir et al. 2017). The latter is 
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rather under microoxic conditions at least in March 2012, likely as a result of the injection of 
the CO2-bearing groundwater that stayed at the surface for a while in a storage tank. The 
mixing between oxygenated surface fluids and reduced groundwater was also recently 
demonstrated to sustain the bloom of iron-oxidizing Gallionellaceae in a fractured rock 
aquifer from western France (Bochet et al. 2020). Altogether, these results confirm that the 
Gallionellaceae could be actively sustained by the dissolution of basalt-forming Fe2+-bearing 
minerals (Alfredsson et al. 2013). In May 2012, environmental conditions tended to recover 
their initial state with a decrease in DIC, Fe2+ and possibly oxygen concentrations as well as 
an increase of pH leading to conditions no more compatible with the development of FeOB 
like the Gallionellaceae (Trias et al. 2017). Consequently, the Gallionellaceae MAGs were no 
more detected at that time period (Figure 2). 

Contrasting with Sideroxydans lithotrophicus ES-1 strain (Emerson et al. 2013), none of 
the Gallionellaceae MAGs contained the aprA and dsrAB genes involved in sulfate and sulfite 
reduction, nor the SOX complex involved in thiosulfate oxidation (Figure 2). Instead, the high 
abundance of these genes observed previously in the HN-04 metagenomes (Trias et al. 2017) 
may be associated with the dominant Rhodocyclaceae MAGs (MAG34 and 35) in 
HN4_march12 sample and additionally with the Thiobacillus MAG40 in HN4_may12 sample 
(Figure 2). As suggested by Trias et al. (2017), the MAGS of these Rhodocyclaceae present a 
highly versatile metabolic potential, capable of both aerobic and anaerobic respiration using 
a wide range of electron donors, and of autotrophic (through the full CBB cycle) and 
heterotrophic (through acetogenic fermentation growth) metabolisms. This metabolic 
versatility may explain the high abundance of MAG34 and 35 in both March and May 2012 
periods during which they can use different pathways depending on redox conditions (Trias 
et al. 2017). In March 2012, the substantial amount of DIC, the putative microoxic conditions, 
and thiosulfate potentially produced through abiotic oxidation of iron-sulfide minerals could 
sustain the chemolithoautotrophic lifestyle of the Rhodocyclaceae. However, their capability 
to fermentatively degrade abiotic polyaromatic carbon compounds potentially released by 
basalt dissolution cannot be excluded considering that the dissolved organic carbon (DOC) 
concentration is decreasing from February to July 2012 (Trias et al. 2017).  

Some of the dominant MAGs in May 2012 include the Thiobacillus MAG40, the two 
Bacteroidota MAG7 and 8, and the two Rhodocyclaceae MAG34 and 35 (Figure 2), also 
observed in HN4_march12 metagenome. Compared to March 2012, potential autotrophic 
metabolisms seem less represented among the dominant MAGs (Figure 2). However, we can 
have missed some potential autotrophs due to genome incompleteness. Indeed, Thiobacillus 
MAG40 does not contain genes encoding the RuBisCO, although members of this genus are 
known to be obligate chemolithoautotrophic bacteria that partially use the CBB cycle to fix 
CO2 (Boden et al. 2017). In addition to the dominant Rhodocyclaceae, the MAG12 affiliated 
to Desulfotomaculum profundi own also potential for a full CBB cycle. This result is 
unexpected since most Desulfotomaculum species described up to now do not fix CO2 with 
the CBB cycle but rather use the reductive acetyl-CoA pathway (Aüllo et al. 2013). The 
reductive acetyl-CoA pathway might be used by the Thermodesulfovibrionales MAG16 almost 
only detected in May 2012, although at relatively low abundance. Furthermore, the dominant 
Rhodocyclaceae, Bacteroidota and the Desulfotomaculum profundi MAGs could thrive as both 
autotrophs and heterotrophs through the acetoclastic fermentation of organic matter which 
could explain the higher decrease in DOC concentration from May to July 2012 (Trias et al. 
2017). Putative fermentative metabolisms are also supported by the presence of [FeFe]-
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hydrogenases groups A1 and A3, specifically involved in H2-evolution during fermentation 
(Greening et al. 2016) in MAG7 (Bacteroidota) and MAG12 (Desulfotomaculum profundi). 
However, we cannot predict the relative proportions of autotrophic and heterotrophic 
metabolisms that have occurred in situ with our approaches, in particular regarding the 
temporal and spatial variations of DIC and DOC concentrations. Moreover, both trophic types 
are detected among MAGs for both sampling times in HN-04 monitoring well. 

The Thiobacillus MAGs dominated both HN-04 groundwater in May 2012 and the HN2.AL1 
sample retrieved by the airlift pumping of the injection well HN-02 (Ménez et al. in 
preparation) (Figure 2). However, these MAGs differ widely regarding their phylogenomic 
affiliation, their abundances between samples and even their metabolic profiles. In particular, 
only the Thiobacillus MAG40 abundant in HN4_may12 sample shows the capability to reduce 
nitrate through denitrification (Figure 2). Thiobacillus denitrificans is one of the rare bacteria 
which can couple thiosulfate oxidation to denitrification (Beller et al. 2006). Owing to the 
presence of both complete SOX complex and full denitrification pathway in MAG40, the 
related Thiobacillus species likely uses such metabolism to thrive in putatively anoxic HN-04 
groundwater in May 2012. Interestingly, this metabolic potential is also observed in the 
Rhodocyclaceae suggesting that such nitrate-ŘŜǇŜƴŘŜƴǘ ǎǳƭŦǳǊ ŎƻƳǇƻǳƴŘǎΩ ƻȄƛŘŀǘƛƻƴ ƳƛƎƘǘ 
be prevalent under anoxic conditions in CarbFix1 deep aquifer. In contrast, the Thiobacillus 
MAG41 and MAG39, overrepresented in HN2.AL1 sample, do not present denitrifying 
metabolic potential. The CO2/H2S/H2 gas mixture injection and the interactions between the 
H2S-rich fluids and ferric-iron bearing minerals led to abiotic iron sulfide precipitations 
associated with the HN-02 well clogging (Ménez et al. in preparation). Hence, considering the 
presence of a ƭŀǊƎŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ƎŜƴŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ǎǳƭŦǳǊ ŎƻƳǇƻǳƴŘǎΩ ƻȄƛŘŀǘƛƻƴ ƛƴ ǘƘŜ 
Thiobacillus MAG39 and MAG41, the iron-sulfide precipitates may have served as an 
interesting electron source, directly as sulfide minerals or as thiosulfate produced by the 
abiotic oxidation of the minerals in the presence of oxygen. Interestingly, the MAG41 contain 
the tsdA gene (Figure 2) involved in thiosulfate and tetrathionate oxidation through the S4I 
pathway. The latter, previously identified in several Thiobacillus strains (Boden et al. 2017), 
implies the oxidation of thiosulfate to intermediate tetrathionate resulting in a large pH 
decrease. Tetrathionate is then oxidized to sulfate resulting in a pH increase. This metabolic 
pathway could have locally influenced the pH dependent iron speciation and iron 
oxi(hydroxi)de precipitations observed in HN2.AL2 mineral precipitates (Figure 3; Ménez et 
al. in preparation). However, it is unclear if the Fe2+ released by iron-sulfide mineral oxidation 
was oxidized to iron oxi(hydroxi)des predominantly by abiotic or metabolic reactions. The 
MAG29 contained a cyc2 gene homologous sequence (Figure 2) and was more abundantly 
detected in the HN2.AL1 compared to other samples, while at low level, suggesting potential 
biotically mediated iron oxidation. Furthermore, Thiobacillus MAGs all own multicopper 
oxidase encoding genes possibly involved in metal oxidation (He et al. 2017). In particular, 
they contained the gene moxA encoding for a manganese oxidase overall suggesting that 
Thiobacillus MAG41, which dominates in HN2.AL1 sample, could actually be involved in iron 
oxidation in addition to sulfur metabolisms. All together, these results demonstrate that 
Thiobacillus related MAGs recovered from the CarbFix1 aquifer present strong different 
ecological functions. This metabolic differentiation may be due to their relative ecological 
niches, since MAG40 was mostly recovered from groundwater while MAG41 and MAG39 
came from both groundwater and biofilm associated with basalt fragments. Such ecological 
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differentiation between planktonic and biofilm microbial communities was already observed 
in subsurface (Momper et al. 2017; Ramírez et al. 2019).  

 
Figure 3: Backscattered scanning electron microscopy imaging of mineral precipitated from basalt during the 
bio-induced clogging of the injection well HN-02 (Ménez et al. in preparation). The iron sulfide minerals (2) 
precipitated abiotically on basaltic grain substrate (1) after CO2/H2S/H2 gas mixture injection in July 2012. The 
oxidation of iron sulfides minerals by Thiobacillus species led to precipitation of iron oxides (3) and sulfate which 
could then provide electron acceptors for iron and sulfate reducers like Thermodesulfovibrionales and 
Desulfurivibrionaceae members. Scale bar: 10 µm. 

Iron-sulfide oxidation by Thiobacillus could have led to enrichment in sulfate and Fe(III) in 
the form of iron oxi(hydroxi)de precipitates (Figure 3). Thus, dominant sulfate and iron 
reducing bacteria in the HN2.AL2 sample, in particular the Thermodesulfovibrionales MAG14 
and the Desulfurivibrionaceae MAG11, may have benefited from these electron acceptor 
sources as suggested by the presence of related genes and the precipitation of iron 
oxi(hydroxi)de encrusting microbial cells (Figures 2 and 3). Furthermore, we notice that the 
MAG7, a Bacteroidota dominating in the HN2.AL2 sample, is capable of thiosulfate 
disproportionation suggesting that the remaining products of iron-sulfide mineral alteration 
could still sustain the particular microbial communities observed in HN2.AL2 metagenome. 

 

4.2 Polycyclic aromatic hydrocarbons, a source of carbon? 

Considering the high abundance of genes potentially involved in PAHs degradation in the 
tested groundwater metagenomes, detected by both qPCR and marker gene analysis, Trias et 
al. (2017) suggested that these compounds could have serves as alternative carbon sources 
for the microbial communities during sour gas injections. Such gene profile was also observed 
in the Atlantis Massif subseafloor (Mid-Atlantic ridge, 30° N) at 400 to 800 meters below 
seafloor in a gabbroic core (Mason et al. 2010). PAHs could be synthesized abiotically during 
lava cooling from H2 and CO2 degassed from magma and entrapped in basalt vesicles (Zolotov 
et Shock 2000; Andreani and Ménez 2019) and further abiotically processed during basalt 
alteration. Such chemical compounds were observed in several environments (Andreani and 
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Ménez 2019 and citations therein) including in the Hengill volcanic system which hosts the 
CarbFix1 aquifer (Geptner et al. 1999). However, our results demonstrate that many genes 
putatively involved in PAHs degradation identified by Trias et al. (2017) are detected in known 
strictly chemolithoautotrophic taxonomic groups as the Gallionellaceae family (Emerson et 
al. 2013) or the Thiobacillus genus (Boden et al. 2017). This suggests that these genes may be 
involved in other metabolic processes such as biosynthesis of complex organic compounds. 
Nevertheless, complete metabolic pathways associated with aromatic compound 
degradation were detected in a heterotrophic Burkholderiaceae (MAG30) and two versatile 
Rhodocyclaceae (MAG32 and 35). These MAGs were abundantly identified in the HN-04 
samples and the HN2.AL2 sample for MAG32 (Figure 2). Thus, aromatic hydrocarbons could 
possibly fuel these taxa as source of carbon and energy. Although Desulfotomaculum 
representatives were suggested to partly drive PAHs degradation in May 2012 (Trias et al. 
2017) and several Desulfotomaculum species were identified in subsurface aquifers 
contaminated with aromatic hydrocarbons (Aüllo et al. 2016; Berlendis et al. 2016), no 
evidence was observed in our study that Desulfotomaculum profundi MAG12 is involved in 
PAHs degradation. Overall, our study demonstrated that gene-centric approach does not 
allow concluding on PAHs degradation potential. Although complete degradation pathways 
were identified in 3 MAGs based on the present genome-centric approach, further analysis 
are still required to support the potential of PAHs to sustain microbial communities in the 
CarbFix1 aquifer, but also in other subsurface ecosystems. 

 

4.3 Underexplored energy sources 

In addition to iron and sulfur reduced compounds proposed to fuel microbial communities 
in CarbFix1 deep aquifer, our study demonstrates that population genomes can use more 
diverse electron donors such as H2, formate or CO of which concentrations are however 
unknown. Indeed, the dihydrogen may represent an interesting electron donor considering 
its high concentration in the Hellisheiði groundwater (up to 68.5 ppm; Scott et al. 2014) and 
in the geothermal gas exploited in the area. Interestingly, Rhodocyclaceae MAGs 34 and 35 
could be involved in hydrogenotrophy as demonstrated by the presence of the [NiFe]-
hydrogenases group 1 (Greening et al. 2016). Among other abundant MAGs, all Nitrospirota 
are possible hydrogenotrophs. In particular, the MAG14 is dominant in HN2.AL2 and hence 
could be sustained by native H2 possibly sourced from active magma degassing (Etiope and 
Sherwood Lollar 2013), and possibly the H2 from the injected gas mixture or produced by 
fermentative Bacteroidota.  

Other electron donors, such as formate and CO, could also be metabolized by the 
Rhodocyclaceae, although it is unknown if these carbon species are bioavailable in the 
CarbFix1 aquifer. The MAG13 related to Carboxydocellales (Firmicutes) is not capable of CO2 
fixation through the CBB cycle and only own partial reductive acetyl-CoA pathway, notably 
the gene encoding anaerobic CO dehydrogenase (Figure 2). Interestingly, only few strains of 
this taxonomic group were isolated and characterized among which the representative 
Carboxydocella thermautotrophica grows strictly by hydrogenogenic CO oxidation (Sokolova 
et al. 2002). Furthermore, some strains of this group are capable of coupling CO oxidation or 
other electron sources to Fe(III) or Mn(IV) reduction (Toshchakov et al. 2018). Considering the 
presence of genes encoding for both aerobic and anaerobic CO dehydrogenase and for at 
least one MHC in the Carboxydocellales MAG13 from our study, such metabolism would be 
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possible at CarbFix1 aquifer depending on CO availability. Moreover, MHC has been proposed 
to be involved in iron (oxihydr)oxides reduction in subseafloor massive sulfides and 
hydrothermal chimneys (Kato et al. 2018; Meier et al. 2019). Hence, the co-presence of iron-
oxidizing Gallionellaceae and putative iron-reducing Carboxydocellales may highlight a 
particular syntrophic interaction and a strong effect on iron biogeochemical cycle following 
the sour gas injection and basalt dissolution. Nevertheless, the highly diverse metabolic 
potential of MAG13 highlights the difficulty to predict the actual metabolism performed by 
such microorganisms with our metagenomic approach. 

Formate and CO were proposed to serve as source of energy or carbon in serpentinite-
hosted habitats (e.g., Morrill et al. 2014; Lang et al. 2018; Fones et al. 2019) where they are 
found in high abundance (micro- to millimolar). However, formate and CO were far less 
considered and measured in basaltic ecosystems. The latter represent an oligotrophic 
environment (Edwards et al. 2012; Hoehler and Jørgensen 2013; Lever et al. 2015) where 
formate and CO oxidation could be a valuable metabolism regarding its efficiency (Greening 
et al. 2016). Moreover, these carbon compounds might result from water-gas shift reactions 
in a high temperature CH4/CO2-containing environment such as degassing magmatic areas 
(Andreani and Ménez 2019). However, the Hellisheiði deep biota is potentially not limited by 
its energy and carbon sources after sour gas injections and subsequent rock alteration. Thus, 
if H2 represents probably an interesting energy source considering its concentration, it is more 
difficult to estimate to which extent formate and CO would be metabolized despite the large 
distribution of formate dehydrogenase and CO dehydrogenase among MAGs. 

 

5 /ƻƴŎƭǳǎƛƻƴǎ ŀƴŘ ŦǳǘǳǊŜ ǎǘŜǇǎ 
 

The results achieved within the S4CE consortium, and summarized in this Deliverable 
D4.7, highlight tƘŜ ǎƘƛŦǘ ƛƴ ǘŀȄƻƴƻƳƛŎ ƎǊƻǳǇǎΩ ŀōǳƴŘŀƴŎŜ ŀƴŘ ǇƻǘŜƴǘƛŀƭ ŜŎƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴǎ ƻŦ 
the population genomes over time as monitored in the field site known as CarbFix1, which is 
one of the field sites available to the S4CE consortium. The analysis discussed above allowed 
us ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΩ ƳŜǘŀōƻƭƛŎ ŦǳƴŎǘƛƻƴǎΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ ŦƻǊ ǘƘŜ 
Thiobacillus species. Overall, microorganisms seem to be highly adapted to environmental 
conditions induced by the anthropogenic alteration of basalt following injections of CO2 and 
CO2/H2S/H2S. Furthermore, based on the results collected from the analysis of the fluid 
samples, we suggest that more diverse energy sources than previously suggested may 
support microbial communities. However, an important question remains unresolved 
regarding the potential of polycyclic aromatic hydrocarbons (PAHs) to sustain microbial 
communities, although our study highlights that two dominant species in the groundwater 
are capable of metabolizing PAHs. Further analysis would be required to provide strongest 
evidence on actual PAH-related metabolisms which took place after gas injections, and might 
be connected to basalt alteration and microbial blooms following groundwater acidification 
by the injected CO2. 
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6 tǳōƭƛŎŀǘƛƻƴǎ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǘƘŜ ǿƻǊƪ ŘŜǎŎǊƛōŜŘ  
 
Before this deliverable is made public, we need the following manuscript to be submitted and 
accepted: 
 
 ά{ƻǳǊ Ǝŀǎ ƛƴƧŜŎǘƛƻƴ ƛƴ ōŀǎŀƭǘǎ ƭŜŘ ǘƻ ƳƛŎǊƻōƛƻƭƻƎƛŎŀƭ ŎƭƻƎƎƛƴƎ ƻŦ ǘƘŜ ǊŜǎŜǊǾƻƛǊ ǇƻǊƻǎƛǘȅέ  
B. Ménez, R. Trias, K. Dideriksen, J. Olsson, E. S. Aradóttir, I. Gunnarsson, B. R. Kristjánsson, S. 
Ó. Snæbjörnsdóttir, S. R. Gislason, E. Gérard  
 
It will be done in March 2020 ς Accordingly, it is better that the deliverable is not public up to 
this date. This is indeed the work of an early career researcher that needs to be protected. 
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