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Acronyms Definitions

ANI Average nucleotide identity

CarbFix1 A CCS injection project in Iceland

CBB CalvinBensonBassham

CCS Carboncapture andstorage

DIC Dissolved inorganic carbon

DOC Dissolved organic carbon

EET Extracellular electron transfer

FeOB Iron-oxidizing bacteria

GTDB Genometaxonomydatabase

PG Institut de physique dwlobe de ParisUniversité de Parigrance
iTOL Interactive tree of life

LIPs Largeigneous provinces

MAGs Metagenome assembled genomes

NCBI National Center for Biotechnology Information
MCO Multicopper oxidase

MHC Multiheme cytochrome ¢

PAS Polycycli@romatichydrocarbons

ITCA Reverse tricarboxylic acid

RuBisCO Ribulose1,5-bisphosphate carboxylase/oxygenase
SCGs Singlecopy core genes

SRB Qulfate reducing bacteria

WL Wood-Ljungdahl
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The consortium S4CE has access to several field sites across Europe. One amopg them,
CarbFix1, is suitable for extensive microbial studiés. presentdeliverable D4.7 presents
the taxonomic and functional analysis of microbial genomes reconstructedn [fro
metagenomes collected in the groundwater of CarbFix1, a pilot site for the mineral stprage
of CQ located in the basaltic aquifer near the Hellisheidi geothermal power plant.| The
reactivity of the planktonic basahliosted microbial communities resultidigom the two sour
gas injections that took place in 2012 was initially described by Trias(20&lF) and Ménez
et al. (in preparation). This new piece of work, focusing on genome analysis, aims to identify
the metabolic potential of the different taxomoic groups described in these previous studies.
The bioinformatic analyses were carried out by A. Lecoeuvre under the supervisior} of B.
Ménez and E. Gérard (IPGP, Université de Paris) and benefited from the comments of R.
Boden (University of Plymouth, Wed Kingdom).

1 LYGNRRdzOUAZ2Y

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., 28p®)senting about twice
the volume of the oceans. The deep subsurface is usually considered as an extremely
oligotrophic environment (Hoehler and Jgrgensen 2013; Lever et al. 2008)e rocks may
provide substrates for microbial communities (Bach add&ds 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 associatgroundwater, 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) represaadsive crustal emplacements structured by
extrusive and intrusive mafic rocks (e.pasalt) resulting from processes different from
standard seafloor spreading (e.gontinental flood basalts and associated intrusive rocks,
volcanic passive margins, @ec 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 expored. 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, salfigrhydrogen
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 migldapable of diverse metabolisms.

LIPs are considered as a potential interesting target for mineral storage¢f3&ason
and Oelkers 2014). This industrial process, among other carbon capture and storage (CCS)
technologies, involves injecting &fich water or gaseous Gnto a deep aquifer where the
acidified groundwater would dissolve the mafic rdokming minerals leading to the release
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of cations like F&, Mg?* and C&". Then, these divalent cations can react with the dissolved

CQ (in the form d HC@ and C@?) to precipitate as carbonate mineralss a consequencge

CQ mineral storage in basalt is considered as a secure andténgsolution to mitigate
greenhouse gases emissions (Gislason and Oelkers 2014). To test the feasibility of mineral
sequestration in basaltic aquifegne pilot site, namely CarbFix1, was developed at the
Hellisheidi geothermal powerplant (SWeland; Matter et al. 2009, 2011; Aradottir et al.
2011).The S4CE consortium is associated with the CarbFix1 site, and $&mefitorgoing

operations in that siteln 2012 before the start of the SACE operationsy p U 2F O2YYS
pure CQlF' YR To G 2F | 3JIa& YAEGdINBZ RSNAGSR FNR)
harnessed by the plant (75% £2%4.2% H298.8% H), wereinjected. Estimation based on

reactive and nofreactive tracers suggested that 95% of the injected @€re efficiently
precipitatedin the form ofcarbonate (Matter et al. 2016). Nonetheless, this model did not
consider the presence of microbial communities inhabitthg deep aquifer. Indeed, the
microorganisms can actively affect the fate of.@@d associated carbonation rate since they

can direcly assimilate C&2hrough 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 precipitttibe
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 @Gnjections on the deep microbial commities, 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 pureCQ charged groundwater. e release of Fé associated with
basalt dissolution and the presence of £30stained the bloom of autotrophic ireoxidizing
bacteria (FeOB) belonging to the Gallionellaceae family and a subsequent increase in biomass
(Trias et al. 2017). Using a tagysencing and metagenomic approach, Trias et al. (2017)
suggested that polycyclic aromatic hydrocarbons (PAHSs) could have been an additional source
of carbon promoting microbial blooms. Since the PAHs can be abiotically synthesized from
CQ and h at hightemperature (Zolotovand 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 & &ed other mineraforming cations (Trias et
al. 2aL7). Although Rhodocyclaceae dndsulfotomaculumvere suggested to be involved in
PAHSs degradation in the CarbFix1 deep aquifer, the -gené&ic approach used by Trias et al.
(2017) did not allow to conclude on the metabolic potential of these taxong@maps. The
injection of the C@H>S/H gas mixture led to a loss of transmissivity of the injection well due
to the rock porosity clogging with iresulfide precipitations and subsequent biofilm
formation (Ménez et al. in preparation). Metagenomic anaysi groundwater and basalt
fragments collected by airlift pumping highlighted a high abundancéhabacillusspecies
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 4.3within which S4CRartner IPG aims at (i) unravelling the metabolic impact of
microbial species stimulated at depth by subsurface storage and engineeringtyacti
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including gas injections and (ii) characterizing the interactions between microorganisms and
injected fluids as well as rocks/minerafgcordingly, unravéhgthe nature and structure of
microbial community inhabiting storage sites, their metabmlsand their potential impact

on the storage itself ere amonghe 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 injémn 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 (j.éwo metagenomes collectedluring the pure C®
injection in March and May 2012 and two metagenomes collected during the airlift pumping
implemented after the gas mixture injection in June 20TBe results are also reported in
peerreviewed journal articlesIfias et al.2017; Mérez et al, in preparation). We focukere
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 ana tsupport hypotheses proposed by Trias et al. (2017). Moreover,
we demonstrate that anthropogenic alteration of basalt has substantially sustained particular
microbial ecological functions.

2 aSiK2R2f 23A0Ff I LILINRI OK

2.1 Sample collection

Thedescription of thebasaltic 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 @utbeCQ
injection, groundwaters were sampled from monitoring well-BdNin March and May 2012
(samples HN4_march12 and HN4_may12, respectively) after the injection of commeggial CO
as described previously (Trias et al. 2017). Up tatégslof groundwater were filtered on
sterile 0.22 um SterivéX-GP filter units (Millipore, Billerica, MA, USA) to avoid clogging or
tearing of the filters. After sampling, each Steriléfilter unit was filled with sterile absolute
ethanol, closed with autoclaved LukockM plugs and stored at20°C in a sterile Falcth
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-O2 after the clogging of the well and itsreaunding. Two airlift pumping samples were
dedicated to metagenomic analyses (i/ldN2.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@50°C). 20 | of groundwater were collected over time
in sterile plastic bags and subsequently filtered on sterile 0.22 um-gibirsulfone
membrane of Steritop’-GP filter units (Millipore). Filters for both HN2.AL1 and HN2.AL2
samples were stored aR0°C in Falcot tubes prefilled with sterile absolute ethanol until
DNA extraction.
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2.2 DNA extraction and sequencing

Total metagenomic DNA extraction from both SterhWand SteritopV filter units is
described in Trias et al. (2017). Briefly, filters weeenoved from the SterivéX and
Steritop™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 Ultr8€Clean
Water DNA Isolation kit (MO IB Laboratories, Carlsbad, CA, USA) following the
YIydzFl OG dzZNBNR& NBO2YYSyRI (i @Y untdbsefubncing®fihie NI O &
metagenomes.

DNA extracts were sent to the Marine Biological Laboratory (Josephine Bay Paul Center
for Comparative Mlecular 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 QudnPicogreen dsDNA assay (Life
Technologies, Clbad, CA, USA). Genomic DNA was then fragmented using a Covaris S220
Focuseedultrasonicator (Covaris Inc., Woburn, MA, USA) to a length of approximately 170 bp.

Metagenomic libraries preparation was carried out following the NuGEN oRitidralow

Libraly 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 HShRAa

SYBR FAST Universal gPCR kit (Kapa Biosystems, Boston, MA). Shotgun sequencing was
performed on an lllumina HiSeq 1000 (lllumina Inc., San Diego, CA, USA) resulted in 2x113 bp
paredSy R NBIFRad { I YL S& 6SNB RSYdzldch §ah Biegg§ R dza A
CA) providing individual fastq files with quality scores.

2.3 Metagenomes ceassembly, mapping and binning

For each metagenome, demultiplexed pairedd reads were quality filtered using the
aAy20KSQa | LIINREI OK 0 a AtgddnQte Slumshautildtdokdt (Bremmatm 0 A YL
al. 2013) with default parameters. Then, all quality filtered read datasets weessembled
using Megahit v 1.13 (Li et al. 2015) with default parameters except that a minimum contig
length of 1,000 bp was usetd ensure robust clustering based on coverage and tetra
ydzOft S20ARS FNBIljdzSyOead /2y iA3a aSljdsSyOoSa ¢SNB
further analyses and binning. Quality filtered paiexd reads of each sample were mapped
to the assembledcontigs with bowtie2 (Langmead and Salzberg 2012). To organize
metagenomic contigs into bins based on teffadzOf S2 G A RS FTNBIjdzSyoOeé I yR
O2@SNY 3Ss 6S dzaSR /hb/h/ ¢ o!'fySoSNEB SiG |fo
estimates the compleness 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
singlecopy 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 %), RHCC
(Lin and Liao 2016) and MaxBin (Wu et al. 2016) regarding the number eduadty bins
assembled. CONCOCT yielded the most metagenomic bins with high completeness and low
redundancy and was selected for manual refinement of the metagenomic 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 GKDB.3.2 (Chaumeil et al.
2019) based on th&enome 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 bated on
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 GTdDes= 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)
wSF{SIlj RIFEGFEolFaS ohQ[ SI NE S élatdd sinplecellmssembldd 2 KSy
genomes or MAG&om the GenBank database (Benson et al. 2013; Clark et al. 2016),
according to their ANI calculated with the GFDBVv0.3.2 workflow (Chaumeil et al. 2019),
were also added to the trees¢eTable ). 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 (Zheu 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) datdbbhke?.
summarizes key gesdor 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 investigee the microorganismgotentially 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 thecyc2genes encoding for the cytochrome c2, proposed to be involved in
metabolic iron oxidation and recovered from the model Fe®@eroxydans lithotrophicus
(NCBI accession ADE10507) Muatiprofundus ferrooxydan@NCBI accession AKN782D).
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
guery and with a minimum ®alue of 110°. Second, we searched for s coding for
multicopper oxidase (MCO) and multiheme cytochrome ¢ (MHC) in each MAG using Pfam
Fyy2GFrGA2y AYLESYSYGSR Ay |y@AaAQ2 o09NBy Si
suggested to be involved in iron and metal metabolisms (Emerson et al. l2818;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; EGebali 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.

Phyl um . Phyl um/ Cl ass .
Accession Accession

Genome taxonomy Genome taxonomy

Aci dobacteriota Al phaproteobacteri a

Geot hri x OFSMIlmeOnlt{GCF_000428885.1[Hy phomonadaceae GCA 003242075.1

PyrinomonadaceaeGCA 001464455.1|ISphi ngomonadacea GCA 001464315.1

Bacteroidot a Gammapr ot eobacteria

FI avobacGGD B &c2e a GCA_002793215.1[Ly sobact er D858k d o GCF_000770795.1

Mel i ori bacl25&ce GCA 002839795.1|Bur khol der i aceae GCA 002344885.1

Campyl obacterota Rhodocycl aceae UGCA 002840845.1

Sul furi curbSuMn 1k6u¢GCF_000183725.1IRhodocycl aceae UGCA _002347405.1

- <

Sul fu
DSM 2

talea hyd

Sul fursp0b2at201GCA 002282015.1 779

GCF_000828635.1

Desul fobacterot a Gal | i el | a d&&ps GCF_000145255.1

=)

Firmicutes_B Sider dansgEdl it GCF_000025705.1

o |<

Desul f ot oma cBusl luOmGCF_002607855.1[Fer r i seODY§E1 amGCF_000974685.1

r
2
0

Desul fobul baceaeGCA_002347095.1|Candi datus Gal I i GCA_001577345.1
o
p
a

us den

Thiob GCF_000376425.1

Desul f ot omacMHlu mGCF_000016165.1

Desul fotomacul um
GSS09

Carboxydocell a t
019

Carboxydocell a t
041T

Nitrospirota Treponemal es UBA GCA 002427685.1
Ther modesul fovi bGCA 002634385.1

GCF_002005145.1|Thi obaci | IDUSsM t5mMi5GCF_000373385.1

GCF_003047205.1[Hydr ogenophi | ace GCA 002784045.1

GCF_003054495.1|ISpi rochaet ot a

Pl anctomycetot a

Pl anctomycet ot a GCA 002683825.1
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Table2: 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 studybased on KEGG annotationsare identified by an asterisk.

Met abol i Key genEncoded enMet aboli sKkey gEncoded en 3

Aut otrophic carbon fixatiS metabol i sms
CalBensorbclL/ rbRuBi sCO Sul fide oasqr Sul fide: qui
Bassham oxidoreduct
Reducti wvwcoo0S Ni-CO dehydrogenasiT hi osul fasoxY Sul-dxirdi zi n
CoA path oxidation SoxY

cdhDE AceCy9A synThiosulfatsdA Tetrathi onfd

oxi daili)on dehydr ogen
Reverse acl AB ATRi trate Sul fate rapr ABAdenyl yl
tricarbo reduct ase
cycl e*
Cicompodomxdsdati on Sul fite rdsr ABDi ssimil at d
Formate fdhAB For mat e Sul fur oxdsrD reductase
dehydrogen

Aerobic pmoABC/Met hane Thi osu

| faphsA Pol ysul fidd
met hanot mmoBD monooxygenproportic

Aerobic coxSML MoCO dehydMet al redox reactions
carboxyd

Fer ment ati on Fétoxidaticyc2 Cytochr ome
Acetogenack Acet ate kiMet al redmtr BCOut er m
decaheme c\

Lactate | dh L-l act at e Detoxi ficMCO Mul ti copperf
dehydrogenoxidati on

Pyruvatepor A Pyruvate Extracel IMHC Mul ti heme (
oxidoreduclel ectron

(Polycyclic) aromatic hyHmet abol i sms

Aerobic ubiH 2o0ct apér enyH,evol ution (f¢q Fe-Rglr oger

degradat met hoxyphe group Al, A7
hydroxyl as

BenzOGoA bcr ABCCBenz0®oA Hupt ake/ El ecti Fe-hgitirogert

reductio reductase group A4

Benzene dmpK/ poPhenol/toklkHydrogenotroph Ni-RgfirogeHt

degradat monooxygen group 1

Catechol-dmpB/ xyCatechol -Aerobic hydrogl Ni-Rgtr ogeHt

cl eavage di oxygenas groups 2a, ]

Omet abol i sm Bidirecdxiodhad e[ Ni-RglHr ogeHt

groups 3a, ]
Aerobic coxAB aatdype Hrevolution (f [ Ni-Rgfirogert
(cytochr groufms 4a
CCoONOP cbhbHd3pe

N met abol i sms

Nof i xationi f DK/ nNitrogenas

Nitrate napA/naNitrate re

DenitrifnirKs NOf or mi ng
reductase

Dissimilnrf A/ niNH-f or mi ng
nitrite reductase
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3{dzYYIFINE 2F IOUAQBAGASAE YR NB

3.1 MAGs recovery

The metagenomic sequencing and quality filtering resulted in 14.4 to 26.8 million high
quality pairedend reads for all groundwater samples from bd#N-02 and HN)4 wells
(Table 3. The ceassembly of these paireend reads led to a total of 87,450 contigs
accounting for 336,528 ORFs according to Prodigablé 3. Based on CONCOCT binning
process and manual refinement, we were able to reconstructV#ss 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 anrestang phylotype. Overall,
between 73% and 92% of the quality filtered pahettl reads were recruited to the €o
assembled contigs, while MAGs read recruitment ranged from 49% to BiSle (3.

Table 3: Quality filtering andco-assembly processes of the pairedd reads from the four metagenomes of
CarbFix1 groundwater sampled in well4d®in June 2013 and in well H¥4 in March and May 2012.

HN2. AL1 HN2. AL 2 HN4 _mar chlHN4_may1l2

#

padmdedr e22, 403, 17¢30, 353,28316, 975, 79116, 588, 950¢

#

pai-eed r ea

qualitlig 365,00126,846,13314,753,32214, 438,121

\ #

Reads ma [
contigs (9

contigs |87, 450

73.82 80. 71 91. 26 72.82

# genes (F336,528
Reads ma {
MAGs ( %) 54.75 48.67 82.52 55. 06

Table 4summarizes the binning results regarding the MAGs completeness, redundancy,
GC content, genome size, number of genes and the taxonomy according te TR MDEB.2.
The 46 MAGs are distributed over 14 phyla, including 1 phylum for the archaeal MAG (i
Crenarchaeota) and 13 bacterial phyla for which the Proteobacteria represent 19 MAGs
(Figure ). The second most diversified phylum (with differeml¥18.Gs) 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 particulite order Burkholderiales and the
Bacteroidota (formerly affiliated to Betaproteobacteria; Parks et al. 2018) but these MAGs all
differ strongly between sample&igure2). The only archaeal draft genome reconstructed is
affiliated to the genuditrosotenusand is only relatively abundant in the two metagenomes
retrieved in groundwater from the monitoring well HN}, although slightly more abundant
in May 2012 than in March 2012.
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Table 4: Overview of the metagenome assembled genanstatistical 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 amdmr within the class Gammaproteobacteria (aet al.

2018). It concerns notably the genBs&deroxydanamong the Gallionellaceae, thEhiobacilluggenus and the
Rhodocyclaceae family.

MAGs Compl Red. Si ze GC (9NumberGTDBk cl assification
(%) 9e€NEeS phyl um Classificati
MAG1 80.583.602.75 68.122, 780 AcidobacsGeotsp0d&353!
MAG2 92.092.884.09 52.733,982 f _Pyrinomona
g OLB17
MAG3 97.849.351.91 52,441,933 Actinobaf _ Nanopel agi
MAG4 86.332.161.61 49.821, 758 c_UBA14114
MAG5 86.330.721.99 32.131,975 Bacteroif _ Flavobacte
g _CoO®E 2
MAG6 92.812.163.31 39.103, 273 f_Chitinopha
g UBA1931
MAG7 100.02.163.56 36.713, 163 f _Melioribac-
1258
MAG8 99.287.912.94 37.572,747 o UBA10030
MAG9 75.542.881.35 56.78L, 499 Bipolaric_Bipolari ela€
55
MAG1(0©O©5.682.162.32 40.352, 720 Campyl obgSul furicuryv
MAG1182.010.002.03 52.84,937 Desul fobf _Desul furiyv
g UBA2262
MAG1298.567.192.65 49.052,767 FirmicutsDesul fotomd
profundi
MAG197.846.474.10 49. 704, 052 o _Carboxydoc
MAG1094.243.603.27 48.123,387 Nitrospio_Ther modesu
f _UBA6898
MAG1®86.333.602.07 49.48,360 Oo_Ther modesu
f _UBA9159
MAG1€69.214.323.13 59.163, 252 Oo_Ther modesu
g G4 34385
MAG119©2.815.763.71 57.063, 690 f _UBA9217
MAG1&82.730.720.82 50.2922 Patescibc_Paceibacte
g ‘191480
MAG1¢0.500.000.61 38.21611 c_Paceibacte
f _UBA9933
MAG2((76.260.721.08 39.44, 306 c_Paceibacte
f_ GWB@O
MAG2182.730.721.21 39.391, 186 o_Magasani kb
g UBA12086
MAG2281.290.001.01 54.611, 077 f PEXWO01
MAG277.701.441.16 39.981, 135 c_Microgenom
f _ GWwWEZ 3
MAG294.245. 765.48 69. 134,416 Pl anctomf GOM2686595
MAG2598.561.443.57 62.603,675 Al pha f Hyphomone
proteobag_ SWBO0?2
MAG2691.371.443.39 57.063, 536 f _Sphingomc
g _Ga007755¢
MAG274.170.722.05 62.812, 199 f Ferrovibr
MAG284.890.72 4.31 67.954, 032 Gamma gLysobaAkct er
MAG2991.37 1.441.82 60.371,950 proteobaf Ga007554
MAG3(094.96 2.16 3.44 65.323,306 f_Burkhol de
g UBA2334
MAG31100. 0. 16 3.78 66.353,559 f _Burkhol de
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MAG3285.612.883.76 64.504, 008 gSul furital
MAG3370.500.722.63 61.333,141 f _Rhodocycl
g UBA2250
MAG3498.56 2.16 3.75 65.713,616 f Rhodocycl
MAG3599.280.723.42 64.763,269 f _Rhodocycl
g UTPRO2
MAG3697.120.002.46 58.702,371 gGallionell
MAG3798.56 0.722.51 55,462, 485 gSideroxyde
MAG3869.782.16 2.22 56.622, 305 gFerriphascte
MAG3976.26 2.882.50 59.662,561 gThiobacill
MAG4084.891.443.04 66.203,320
MAG4198.56 0.722.77 63.492,797
MAG4298.562.16 2.19 56.222,265 f _Hydroger
MAG4398.562.884.20 63.114,066 f _Hydrogenc
g UBA3361
MAG4473.385.76 2.15 51.652,158 Spirochao_Treponeme
g UBA8932
MAG4594.243.602.44 50.652, 188 o_Treponeme
f UBA8932

MAG4684.57 4.94 1. 42 45,401, 730 Crenarchg&itrosoter

3.2 Shift of taxonomic groups over time following various gas injections

The 46 MAGs relative abundance highlightedi®ymean coverage values are drastically
different between sampled<jgure 3.

The HNO4 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 Bieleroxydangenus dominates the planktonic
community in March 2012. MAG37 seems to differ phylogenomically from the genome of
Sideroxydans lithotrophicugtrain ESL (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 3.

As of May 2012, the planktonic population genomes from monitoring welD# Niffer
widely from those of March 2012 with the dominance of MAG40 and MA&@ie 2, which
were classified asThiobacillus genus and Melioribacteraceae family (Bacteroidota),
respectively. Th&hiobacillusVAG40 is not affiliated to th&hiobacillus denitrificanspecies
(Figure 1. As already mentioned, the Rhodocyclaceae affiliatedSslAre also abundant
MAGs in May 2012, just as MAGs classified as Hydrogenophilaceae (MAG43) and Bacteroidota
(MAGS8). Patescibacteria (MAG21 and 23), Actinobacteriota (MAG4Desulfotomaculum
profundi(MAG12) are also represented in May 2012 but at mogrer abundances.

In sample HN2.AL1, MAGA41 recruited by itself 25% of all metagenomic reads. This
overrepresented MAG is classified Hsobacilluggenus, also it seems to differ from MAG40
(Figure 3 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 thitdobacillusgenus (MAG39), the
Lysobactemgenus(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 (MAGDIgsulfurivibrionaceae
(MAG11) and the candidate taxon Paceibacteria (MAG19 and-RRiré 3. TheThiobacillus
genus (MAG41) and tHeulfuritaleagenus (MAG32) belonging to the Rhodocyclaceae are also

detected.
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Figurel: Taxonomic diversity of the bacterial MAGs reconstructed from the 4 metagenomes sampled at CarbFix1
(Hellisheidi) deep aquifer. When available, representative genomes of isolated microorganisms, closely related
singlecell assembled genomes or MAGs reeed from NCBI RefSeq or GenBank databases are also included
to the phylogenomic tree and annotated according to the Genome Taxonomy DatabaJafded). Bootstrap

values over 95% are indicated as black dots on their respective nodes. It should be mettéket archaeal
MAG46 is not included to keep a substantial number of siogfgy 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 organimonathrough
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 3.

Among the 46 individual MAGs, 26 contain key genesafdotrophic CQ fixation
according to all databases (Pfam, TIGRFAM and KE@G)e(3. Genes encoding for the
ribulose1,5-bisphosphate carboxylase/oxygenase (RuBiSGE), the key enzyme of the
CalvinBensonBassham (CBB) cycle, were the most lardedtyibuted. 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 Il and 3 MAGs have gene encoding for both forms | and Il. According to
database hits, the MAGs, 25, 26, 28 and 4dwsh gene encoding the RuBisCO form Ill. 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 (MAG38), the two Rhodocyaceae MAGs (MAG34 and 35) and two
of the threeThiobacillusAGs (MAG39 and 41). The key genes coding for the RuBisCO form
Il are also detected iDesulfotomaculum profundMAG12) Figure 2. In addition, gene
annotation highlights the presence in 6 MAGIskey genes of the carbonyl branch of the
Wood-Ljungdahl (WL) pathway (i.eooSor the anaerobic CO dehydrogenase adttD/cdhE
for the acetylCoA synthasef{gure 3. These 6 MAGs all correspond to low abundance taxa,
with the exception of the MAG1l4lassified as Thermodesulfovibrionales that is very
abundant in sample HN2.AL2. Finally, only MAGL10, affiliated toSthi&ricurvumgenus
(Campylobacterota), contains the key genes of the reverse tricarboxylic acid (rTCA) cycle (i.e.
aclAB. However, onlyl5 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 MAG14The MAG10 does not present a full rTCA pathway. Other autotrophic
CQ fixation pathways are incomplete and key genes are only sparse among MAGSs, suggesting
that these pathways do not occur in the Carbfix1 aquifer.

Regarding potential metabolisms based @Gnorganic compounds, genes coding for the
formate dehydrogenase responsible for formate oxidation {dBAB fdwBor fdoGH are the
most abundant and largely distributeBigure 3. They are detected in 21 MAGS representing
8 phyla. Among these MAG3)lp one MAG affiliated to the Burkholderiaceae (MAG30) owns
in addition complete pathway for aerobic methanotrophy. The MAG46, the only archaeal
draft genome classified ablitrosoteniusgenus, does not show genes or pathway for
methanogenesis. Although MAGs own at least one of the genes coding for the aerobic CO
dehydrogenase coxSM), responsible for aerobic carboxydotrophy, only the MAG31,
affiliated to an unclassified Burkholderiaceae, presents the full cluster of genes for this
enzyme. Despite uncongte 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 3JAMs that contain at least one gene
involved in heterotrophic acetogenesis (i.@ckcoding 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 Rhodalaceae (MAG33, 34 and 35), the 2 reconstructed
Firmicutes B MAGs (MAG12 and 13) and Acidobacteriota (MAG1 and 2), 3 of the 4
Bacteroidota MAGs (MAGS5, 7 and 8) and a Burkholderiaceae MAG (MAG30). In addition, 17
MAGs own theporAgene coding for the pymate 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 utilizatiorp¢ird). None of
the 46 MAGs show the capdiby 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 injectiomg investigated in our 46 MAGs the presence of
key genes proposed to be involved in PAH degradation by Trias et al. (@bl 2.
Additionally, we looked for the completeness of aromatic compound degradation pathways
through KEGG module annotation.&dall, these key genes were detected in a large number
of MAGs ranging from 4 MAGs for the clusterbafABCDgenes involved in benze@oA
reduction to 11 MAGs for theibiH gene involved in aerobic degradation of phenolic
compoundsftigure 3. Nevertheles, most of these key genes, in particular theHgene, are
systematically identified in the MAGs related to chemolithoautotrophic bacteria, including
the Gallionellaceae (MAG3&B) and the Thiobacillus(MAG3941) members. Complete
metabolic pathways inMged in aromatic compounds degradation are only identified in few
MAGs and include the benzene and benZogA degradation and the catechol meta
cleavage. In particular, the MAG30, a Burkholderiaceae member detected in all samples and
relatively abundantri March 2012, is the only one showing the capability to degrade benzene
to catechol and to cleave subsequently the latter up to propai@yA. In addition, two
Rhodocyclaceae members MAGs (MAG35 and 32 abundant in botv Hidmples and
HN2.AL2 sample, rpsctively) own nearly complete pathway for the degradation of benzoyl
CoA.

PU Pagel7 of 32 Version2.1



e
DeliverableD47 S CE

(( ) Science4CleanEnergy

Abundance CO, fixation 4 oxidation| Ferm. PAHs | [+ N S Mel:l
MAG1 [ ] [] [] (] . .
MAG2 . . . Acidebacteriota
-

[ ] I
Actinobacteriota
| | |

- 4] u I |

Bacteroidot:
[ =1 II l | l L e
[ [+ l H BN

weae | IR | (W uﬂ ll { | | B [ seowicauon
W o W[ JI \uu ICT Cm] = - oy |
[ I | [ = — EEE NN p—
v oee | aEE j[... NONE jy—--=___]

were{ IR Bl B
u ]

MAG15

.U

=z =
g8
L[]
[ |
|
[ |

H
8

Nitrospirota
MAG16 p

MAGW{...

MAG18

MAG19
MAG20

waczt Il [ | B
MAG22 B
MAG23 B

wacs | I |

MAG25
MAG26 B
MAG27 !

. Patescibacteria

MAGs

. Alphaprotecbacteria

un
EEHE

|

| | | | I Planctomycetota
[ |

[ [ |

| |

=
3

2

[ ]
.‘
[
|

+l

[+]
||

[+]
[ [ ][]
H E
|
HEE
[ |
||
|

[+
O
[ +[+] ]+

(+]+ [+ | +] |
| |

EEEE =N
[+ [+ ]+ [+]

Gammaproteobacteria

| | [+]+]
EEEEE B
|
|
EEEEE EE

[+]+]
[+[+[+[+ ]+ | [+[+[+]+]+]+] |

H N
+]

[ [ [ []]
[ +[+] ]+
L

[T 1]
[+ [+ [+]+]
HEEN

wnces | L | H EE B
s O N
Spirochaetota
wacis IC] ]
DREE I I I I ] I [ BB | oo
© w5 oo g % @ 2 © @ ® @ ® OB @ @ 0 =& @ 8 5 @ > @ @ & ? N OB O © % T @ =
= = 2 3 & @ 2 B & & & &4 2 B @ -l A @ - ® % G & o g @ 7
E %I = o4 g g &8 8 229498 g 48 FI oaa>90 a%aag g 90 2% 3 ;‘(&’%?%m
S F o o 2 £ £ > g5 & £ 535 2 T g E =8 53 FS T H g T g 3 @ EB E g &8 & 8%
5 E ¢ m 3 £, & 83 = §3%%& 5§85 , L §852, 3 5 S g S E 5F 6 g & E 9 @
E T X 2852 B82%9% 233 %F 322 8¢ 233 f 383 8 2 5. 8% 2 325238
E 3 c £ FE £ 5 £ fEL£2E @2 xx § g £ e g pgg el & s£28s5 5 £ g g ¢g g
£ S «= © 8T BT 5 2 s 8 B & £ ;88 508 1 |5 S5 8 e & 2 £ 3 3
z =3 5 228 2235 = <2 8 € 2 3 8 8 2 2 g 3 ° 58 £ g5 8 B
£ 8 © £ § £ 2 22 3 S T 2 = = 2 5 3 T & 2 2 B 8 e8® = @2 2 8 5 5 @
< g 9 5 E 2 £ 325 8o ¢ 5’5 g2 238 5 o8 £ @ = Sg;gd e 5 & & g g
oz g ¢ g 2 29 39 EFE T o0 Z ¢ g 2 5§ g @ 2 $Ez & 2T E w823
o 3 B §F O = @ e 8 % E 2 e = § 5 3 = = = g2 8 f wE £ &5
o < E £ o 5 5 Sec bt g s & £33 £ % 5 = 4 58 £ g% Z v T g
2 E 3 2 § 2 838 85 £ ¢ =2 55 2 ¢z B £8 s & $ [
& 5 a= = s £ F g - £ 8 2 3 @ @ = =
[ e - e 25 83 8§ 5% 3 ¢ 6¢ 2 & -
3 - s > £ 2 3 i &
£ < S g 5 9 & £ @ Q2 e
=z & £ £ 5
& a g
o o

Log(Mean Coverage) Gene detection

Functional genes [ .

Absence
o 2 4 6 —

. Presence

Figure 2: Abundance and functional genes profile of the 46 MAGs across the four CarbFix1 (Hellisheidi)
groundwater metagenomes. Abundances are expressed as the logarithm based mean coverage to allow direct
comparison between samples. Heat maps of gene detectiorcal@ed 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 ar¢eithdica

08 | dabéd CSNYo® AYyRAOIF(GSa FTSN¥YSyilliliArAzyod

PU Pagel8of 32 Version2.1



DeliverableD47 s

Identification of aerobic microorganisms

While the CarbFix1 deep aquifer is considered as an anoxic environment (Snaebjornsdaottir
et al. 2017), we nonetheless searched for potential aerobic respiration iM&@s by looking
for the presence of genes encoding cytochrom@&ab{e 3, since such genes were identified
previously in the CarbFix1 metagenomes (Trias et al. 2017). ThegmMOPcoding for the
cytochrome c oxidase cbH$pe expressed in microoxidames, are detected in 28 MAGS,
including all the Gammaproteobacteria MAGs among 7 plitaufe 3. Half of the 46 MAGs,
covering 8 phyla, contains the genesxABcoding for the cytochrome ¢ oxidase ape
expressed in environments with high @artial pressure. Note that 17 of them also own the
ccoNORyenes. These 17 MAGs include the dominEmbbacilluselated MAGs (MAG3981)
and Rhodocyclaceae MAGs (MAG34 and 35), although the Gallionellaceae only have the
ccoNORyenes.

Nitrogen, sulfur, and H> metabolisms

We investigated the potential utilization of other electron acceptors and inorganic
electrons donors associated with nitrogen and sulfur compounds, as wefl, éisrbligh the
detection of key genesl@ble 3 and assessment of the completss of metabolic pathways
among the different MAGs.

The results demonstrate the presence in 13 MAGs of gairiB&and/or nifH, coding for
the MoFenitrogenase and the Feitrogenase, respectively, both involved in fikation
(Figure 2. Furthermore, 19MMAGs 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
Thiobacillusnember MAG (MAG40), all belonging to the Burkholderiales order.

AlthoughdsrABgenes 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 andhey are used as indicator of H&idation in METABOLIC workflowable 2
Zhou et al 2019). These genes are detected in 16 MRIGsré 2 among which 13 present a
nearly complete dissimilatory sulfate reduction pathway according to KEGG annotation.
However, only 6 of them own thésrDgene Figure 2 used as key marker for dissimilatory
sulfite reduction. It includes the MAG12 related Besulfotomaculum profundiall the
Nitrospirota members (MAG147) and the Desulfurivibrionaceae MAG11. HpeA gene,
coding for the adenylyl sulfate reductase, is also detected in 10 of the 13 potential sulfate
reducing bacteria (SRB). Furthermore, 17 MAGow a nearly complete SOX genes complex
involved in thiosulfate oxidation among which 9, all belonging to the Burkholderiales, also
own thedsrABgenes Figure 2. Only 2 MAGs own thisdAgene coding for the tetrathionate
dehydrogenase involved in trgalfate and tetrathionate oxidation through thel$athway
(aka KellyTrudinger pathway): one MAG belonging to Chitinophagaceae family and only one
Thiobacillusnember (MAG41) which dominates the sample HN2.AL1. Additionally, 12 MAGs
also contain thesqr 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 (MAG&8) including all th&hiobacillusMAGs, own a large

diversity of genes involved @ dzf F dzNJ O2 YLI2 dzy R&Q 2EARI GA2Yy d CAY
presence of thgpghsAgene coding for the polysulfide reductase chain A involved in thiosulfate
disproportionation Figure 3.

Furthermore, we considered the MAGs potentially involvedzttiation or production
by investigating the presence of hydrogenase groups. 17 MAGs own at least one gene
encoding a [FeFdjydrogenase group. The group A4, involved inhubtake or electron
bifurcation, is the most abundantly detected, and is represented inMAGs Kigure 2.
Groups Al and A3, both involved irp ldvolution through fermentation or electron
bifurcation, are represented in 6 of the 17 MAGs, while group B is additionally identified in 3
of them. The [NiFehydrogenase groups and subgroups arerenabundant 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 phyluhe Jubgroups 3a, 3b, 3d, related to
bidirectional [NiFehydrogenases, are also largely distributed among 14 MAGs affiliated to 5
different phyla Figure 3. Finally, the fermentatiomelated [NiFejhydrogenase group 4g is
rarely identified, correspondo 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 (MAG38), Bacteroidota MAGS8 and another Gammaproteobacteria
MAG (MAG29)Higure 3. While the MAGs affiliated to the Gallionellaceae are dominant in
HN4_marchl12 sample, MAGs 8 and 29 are mostly detected in HN4_mayl12 ad2 HN
samples, respectively, but at lower aldances.

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 (MAG147), the unique representative of Desulfulitionaceae
(MAG11), only two Rhodocyclaceae MAGs (MAG32 and 33) and the Planctomycetota MAG24.
Almost all are mostly recovered in HN2.AL2 sampligufe 3. We observe that two
Gallionellaceae (MAG37 and 38) and two Rhodocyclaceae (MAG34 and 35), dagtimatin
HN4_march12 sample, contain MHC decaheme motifs but no MCO motif. Inversely, two of
the most dominanfThiobacillugMAG40 and 41) own only MCO motifs.

According to TIGRFAM annotation, th&rBC genes involved in iron or manganese
reduction are deteted in 6 MAGs that are all particularly abundant in the HN2.AL2 sample
(Figure 3, with the exception of the MAGL16 (i.e. a Thermodesulfovibrionales only detected
in HN4_may12 sample but at relatively low abundance). Two of the 6 MAGs (hamely MAG11
and 14,a Desulfurivibrionaceae and a Thermodesulfovibrionales, respectively) account for
the most dominant groups in HN2.AL2 sample.
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The CarbFix1 pilot site at Hellisheidi represents a unique environment to study the
microbial response to sour gagection 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 genoes®lved metagenomic analysis on
the groundwater ofa 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 thitarch 2012, the faslowing fracton
of pure C@-charged groundwatereachedthe monitoring well HND4 (Matter et al. 2016),
resulting in a large shift in the microbial community composition (Trias et al. 2017). Bhe CO
charged groundwater led to a decrease of pH from ~9 down to near aleptt conditions
which subsequently promoted the dissolution of basalt and release of cations such*as Fe
Mg?*,C&*, Mr?*, N#*, and ZA* hence bioavailable as sources of energy or cofactors in
enzymatic complexes for particular microorganisms (Triagl.eR017). In agreement with
results from Trias et al. (2017), the dominant MAG recovered from HN4_march12 sample is
affiliated to a Gallionellaceae belonging to tt&deroxydangyenus Figures 1 and R
However, this MAG (MAG37) was not annotatiedthe species level suggesting it may
correspond to an uncharacterized species differing fr@meroxydans lithotrophicus
(Emerson et al. 2013). In addition to the MAG37, we identified two other Gallionellaceae that
are only dominant in HN4_marchl12 samphnd were classified in th&allionellaand
Ferriphaseluggenus Figure 1 and Table )4 The Gallionellaceae may benefit from the
increased F& concentrations induced by basalt dissolution and the high dissolved inorganic
carbon (DIC) level (Matter et &016; Trias et al. 2017; Snaebjérnsdottir et al. 2017). Indeed,
they can thrive as FeOB as suggested by the presenoe@fiene homologues in all these
MAGs Figure 3. This result supports the significant correlation between Gallionellaceae
abundance ad Fé* concentration observed previously (Trias et al. 2017). Other potential
FeOB containing &yc2 gene homologue were only poorly detected in HN4_marchl12
metagenome suggesting that they do not encountered proper environmental conditions to
thrive as Fe® and were outcompeted by the Gallionellaceae. The latter may also have
contributed to mineral dissolution as suggested by the presence of decaheme cytochrome ¢
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). Fruotiee the
three Gallionellaceae related MAGs own a complete CBB cycle with a RuBisCOFigiumel I (
2), highlighting their capability to fix G@otably provided by the first gas injection. The
RuBisCO form Il is particularly expressed under microoxiditians with high CedO, ratio
(Berg 2011; Bohnke and Perner 2017). The capability of Gallionellaceae to grow under such
microoxic conditions is also supported by the presence of genes encoding the cytochrome ¢
oxidase cbbdype Figure 2 in all Gallionkaceae draft genomes. This result contrasts with
the assumption that the CarbFix1 aquifer is anoxic (Snaebjornsdaéttir 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 CQ-bearng 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 irevxidizing Gallionellaceae in a fractured rock
aquiferfrom western France (Bochet et al. 2020). Altogether, these results confirm that the
Gallionellaceae could be actively sustained by the dissolution of Hasaling Fé*-bearing
minerals (Alfredsson et al. 2013). In May 2012, environmental condition®tetalrecover

their initial state with a decrease in DIC2Fand 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). Consequeh#yGallionellaceae MAGs were no
more detected at that time periodH{gure 2.

Contrasting withSideroxydans lithotrophicusS1 strain (Emerson et al. 2013), none of
the Gallionellaceae MAGs contained #ygrAanddsrABgenes involved in sulfate and gtef
reduction, nor the SOX complex involved in thiosulfate oxidaffogufe 3. Instead, the high
abundance of these genes observed previously in theOBhetagenomes (Trias et al. 2017)
may be associated with the dominant Rhodocyclaceae MAGs (MAG343andn
HN4_march12 sample and additionally with thieiobacilludMAG40 in HN4_may12 sample
(Figure 3. As suggested by Trias et al. (2017), the MAGS of these Rhodocyclaceae present a
highly versatile metabolic potential, capable of both aerobic and anaem@spiration 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 Maitth 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 abiotigidation of ironsulfide 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 exded considering that the dissolved organic carbon (DOC)
concentration is decreasing from February to July 2012 (Trias et al. 2017).

Sme of the dominant MAGs in May 2012 include thieiobacillusMAG40, the two
Bacteroidota MAG7 and 8, and the twRhodocyclaceae MAG34 and JFEg(re 3, also
observed in HN4_march12 metagenome. Compared to March 2012, potential autotrophic
metabolisms seem less represented among the dominant MA@sre 3. However, we can
have missed some potential autotrophs duwegenome incompleteness. Indeethiobacillus
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
CQ (Boden et al. 2017). In addin to the dominant Rhodocyclaceae, the MAG12 affiliated
to Desulfotomaculum profundown also potential for a full CBB cycle. This result is
unexpected since moddesulfotomaculunspecies described up to now do not fix L@th
the CBB cycle but rathersa the reductive acetyCoA pathway (Adllo et al. 2013). The
reductive acetylCoA pathway might be used by the Thermodesulfovibrionales MAG16 almost
only detected in May 2012, although at relatively low abundance. Furthermore, the dominant
Rhodocyclacea®acteroidota and th®esulfotomaculum profundilAGs 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 Al and A3, specifically involved-gvélution during fermentation
(Greening et al. 2016) in MAG7 (Bacteroidota) and MA®EZIfotomaculum profunyi
However, we cannot predict the relative proportions of autotrophic and heterotrophic
metabolisms that have occurreimh situ with our approaches, in particular regarding the
temporal and spatial variations of DIC and DOC concentrations. Moreover, bpthdtgpes
are detected among MAGs for both sampling times irRG4Nmonitoring well.

TheThiobacilludMAGs dominated both HR4 groundwater in May 2012 and the HN2.AL1
sample retrieved by the airlift pumping of the injection well R (Ménez et al. in
preparation) Figure 3. However, these MAGs differ widely regarding their phylogenomic
affiliation, their abundances between samples and even their metabolic profiles. In particular,
only theThiobacillusMAG40 abundant in HN4_may12 sample shows the capetalreduce
nitrate through denitrification [figure 2. Thiobacillus denitrificanis 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 tléioation pathway in MAG40, the
related Thiobacilluspecies likely uses such metabolism to thrive in putatively anoxi04HN
groundwater in May 2012. Interestingly, this metabolic potential is also observed in the
Rhodocyclaceae suggesting that suchaté-R S LISY RSy i & dzf FdzNJ O2 YLJ2 dzy R
be prevalent under anoxic conditions in CarbFix1 deep aquifer. In contrasthibbacillus
MAG41 and MAG39, overrepresented in HN2.AL1 sample, do not present denitrifying
metabolic potential. The GH>S/H gas mixture injection and the interactions between the
H.Srich fluids and ferrigron bearing minerals led to abiotic iron sulfide precipitations
associated with the H92 well clogging (Ménez et al. in preparation). Hence, considering the
presence of af F NAS RAGSNERAGE 2F 3ISySa Ay@2ft SR Ay
ThiobacillusMAG39 and MAGA41, the iresulfide precipitates may have served as an
interesting electron source, directly as sulfide minerals or as thiosulfate produced by the
abiotic axidation of the minerals in the presence of oxygen. Interestingly, the MAG41 contain
the tsdAgene Figure 2 involved in thiosulfate and tetrathionate oxidation through thg S
pathway. The latter, previously identified in sevefaliobacillusstrains (Bden 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 depemdéron speciation and iron
oxi(hydroxi)de precipitations observed in HN2.AL2 mineral precipit&igsie 3 Ménez et
al. in preparation). However, it is unclear if theeFeleased by irorsulfide mineral oxidation
was oxidized to iron oXigdroxi)des predominantly by abiotic or metabolic reactions. The
MAG29 contained ayc2gene homologous sequencEigure 3 and was more abundantly
detected in the HN2.AL1 compared to other samples, while at low level, suggesting potential
biotically medi&ed iron oxidation. FurthermoreThiobacillusMAGs all own multicopper
oxidase encoding genes possibly involved in metal oxidation (He et al. 2017). In particular,
they contained the genenoxAencoding for a manganese oxidase overall suggesting that
ThiobaillusMAG41, which dominates in HN2.AL1 sample, could actually be involved in iron
oxidation in addition to sulfur metabolisms. All together, these results demonstrate that
Thiobacillusrelated MAGs recovered from the CarbFix1 aquifer present strongreiiffe
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. &abgical
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differentiation between planktonic and biofilm microbial communities was already observed
in subsurface (Momper et al. 2017; Ramirez et al. 2019).

- B e

Figure3: Backscattered scanning electron microscopy imaging of mineral precipitated from basalt during the
bio-induced clogging of the injection well FOR (Ménez et al. in preparation). The iron sulfide minerals (2)
precipitated abiotically on basaltic grain stfage (1) after CO2/H2S/H2 gas mixture injection in July 2012. The
oxidation of iron sulfides minerals Byiobacilluspecies 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 um.

Iron-sulfide oxidation byrhiobacillusould have led to enrichment in sulfate and Fe(lll) in
the form of iron oxi(hydroxi)de precipitates-igure 3. Thus, dominant sulfate and iron
reducing bacteria in the HN2.AL2 sample, in particular the Thermodesulfovibrionales MAG14
and the Desulfurivibonaceae 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 cellsdures 2 and 3 Furthermore, we notice that the
MAG7, a Bacteidota dominating in the HN2.AL2 sample, is capable of thiosulfate
disproportionation suggesting that the remaining products of isuifide mineral alteration
could still sustain the particular microbial communities observed in HN2.AL2 metagenome.

4.2 Polycydic aromatic hydrocarbons, a source of carbon?

Considering the high abundance of genes potentially involved in PAHs degradation in the
testedgroundwater metagenomes, detected by both gPCR and marker gene analysis, Trias et
al. (2017) suggested that thesempounds 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 (M#tlantic ridge, 30° N) at 400 to 800 meters below
seafloor in ggabbroic core (Mason et al. 2010). PAHs could be synthesized abiotically during
lava cooling from Hand CQdegassed from magma and entrapped in basalt vesicles (Zolotov
et Shock 2000; Andreani and Ménez 2019) and further abiotically processed during basa
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 demonstratertany 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 thel'hiobacilluggenus (Boden et al. 2017)his 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 Burktieriaceae (MAG30) and two versatile
Rhodocyclaceae (MAG32 and 35). These MAGs were abundantly identified in 404 HN
samples and the HN2.AL2 sample for MAG38ure 3. Thus, aromatic hydrocarbons could
possibly fuel these taxa as source of carbon amergy. AlthoughDesulfotomaculum
representatives were suggested to partly drive PAHs degradation in May 2012 (Trias et al.
2017) and severaDesulfotomaculumspecies were identified in subsurface aquifers
contaminated with aromatic hydrocarbons (Aullo dt @016; Berlendis et al. 2016), no
evidence was observed in our study tHaesulfotomaculum profundAG12 is involved in
PAHs degradation. Overall, our study demonstrated that gmdric approach does not
allow concluding on PAHs degradation potentlthough complete degradation pathways
were identified in 3 MAGs based on the present genarartric approach, further analysis

are still required to support the potential of PAHs to sustain microbial communities in the
CarbFix1 aquifer, but also in oth&ubsurface ecosystems.

4.3 Underexplored energy sources

In addition to iron and sulfur reduced compounds proposed to fuel microbial communities
in CarbFixldeep aquifer, our study demonstrates that population genomes can use more
diverse electron donors such as, Hormate or CO of which concentrations anewever
unknown. Indeed, the dihydrogen may represent an interesting electron donor considering
its high concentration in the Hellisheidi 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 thHeejNi
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> plossibly sourced from active magma degagditiope and
Sherwood Lollar 2013), and possibly thefitém 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 thesarbon species are bioavailable in the
CarbFix1 aquifer. The MAG13 related to Carboxydocellales (Firmicutes) is not capable of CO
fixation through the CBB cycle and only own partial reductive a€&ml pathway, notably
the gene encoding anaerobic COhgdrogenaseKigure 3. Interestingly, only few strains of
this taxonomic group were isolated and characterized among which the representative
Carboxydocella thermautotrophigaows strictly by hydrogenogenic CO oxidation (Sokolova
et al. 2002). Furtherma, some strains of this group are capable of coupling CO oxidation or
other electron sources to Fe(lll) or Mn(IV) reduction (Toshchakov et al. 2018). Considering the
presence of genes encoding for both aerobic and anaerobic CO dehydrogenase and for at
leag 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 sulfidés an
hydrothermal chimneys (Kato et al. 2018; Meier et al. 2019). Hence, tipeesence of iron
oxidizing Gallionellaceae and putative ir@ducing Carboxydocellales may highlight a
particular syntrophic interaction and a strong effect on iron biogeochehugele 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.

Format and CO were proposed to serve as source of energy or carbon in serpentinite
hosted habitats (e.gMorrill et al. 2014; Lang et al. 2018; Fones et al. 2019) where they are
found in high abundance (micrdo millimolar). However, formate and CO were tass
considered and measured in basaltic ecosystems. The latter represent an oligotrophic
environment (Edwards et al. 2012; Hoehler and Jgrgensen 2013; Lever et al. 2015) where
formate and CO oxidation could be a valuable metabolism regarding its effigj&neening
et al. 2016). Moreover, these carbon compounds might result from wagdesrshift reactions
in a high temperature CGHCO-containing environment such as degassing magmatic areas
(Andreani and Ménez 2019). However, thellisheidideep biota is ptentially not limited by
its energy and carbon sources after sour gas injections and subsequent rock alteration. Thus,
if Ho represents probably an interesting energy source considering its concentration, it is more
difficult to estimate to which extentdrmate and CO would be metabolized despite the large
distribution of formate dehydrogenase and CO dehydrogenase among MAGs.

5/ 2y Ot dz¥ Razi dzdhiza

The results achieved within the S4CE consortium, and summarized in this Deliverable
D4.7highlight K S &aKA TG Ay Gl E2y2YAO 3ANRAzZLIAQ | 6dzy R y(
the population genomes over times monitored in the field site known as CarbFix1, which is
one of the field sites available to the S4CE consortilime analysis discussed abalmwed
usi2 RAAGAY3IdAaK Of2aSteée NBfIFIGSR YAONR2NHI YA
Thiobacillusspecies. Overall, microorganisms seem to be highly adapted to environmental
conditions induced by the anthropogenic alteration of basalt following injectafr3Q and
CQ/H2S/HS Furthermore,based on the results collected from the analysis of thedflui
samples,we suggest that more diverse energy sources than previously suggested may
support microbial communities. However, an important question remains unresolved
regarding the potential ofpolycyclic aromatic hydrocarbon®AH$ to sustain microbial
communities althoughour study highlights that two dominant species in the groundwater
are capable of metabolizing PAHmIrther analysis would be required to provide strongest
evidence on actual PAiglated metabolisms which took place after gas injectjcrsd might
be connectedo basalt alteration ananicrobialblooms following groundwater acidification
by the injectedCQ.
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