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Figure 10. Maximumtlikelihood phylogenetic tree of trimmed 16S sequences of
Hydrogenphaga isolates with metabarcodingWaltags. The cluster for the isolates is79, il79,
i73, 183 and ASV 3, 5, 16, 22 is highlighted in yellow. The robustness of the tree is estimated
with bootstrap values, which are indicated with the colour and the number on the branches.
The length of branch indicates the number of changes which took place from node, from
which the branch originates, iterations= 500..........ccccceeiiiiiiiiiiiii e, 20

Li st of Tabl es
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Def I ni ta cornosn yanmsd

Acronyms Definitions

Mbs Meters below surface

WGS Whole genome sequencing, the process of determining the compl
DNA sequence of an organism's genome

FeOB Iron-oxidizingbacteria, chemotrophic bacteria that derive energy b
oxidizing ferrous iron

ASV Amplicon Sequence Variants

BLAST Basic Local Alignment Search Tool
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the objective to obtain cultured representativescologically relevant to subsurface
operations possibly from the field sites available to the S4CE consarfitie workflow is
associated with WorlPackage 4: Sample and Fluids Characterization.

1.1 General context

The terrestrial subsurface is a reservoir of microbial \ifith the deep biosphereserving as

anA YL NI FYyd RNAGSNI F2N G§KS . I8 laduifefkeviaonn@htdNb 2y |
lithology constrainsthe abundance and activit of the native microbial community
Physiochemical properties driving community structure and function include nutrient
availability,pH, temperature, hydrostatic pressurpore sie, and dissolved salts

Microbescapable of living in extreme environments oftgartition along chemical gradients,
deriving energy from substrate disequiliéi The subsurface is subject to tmaajor driving
gradients surface inputsfrom the biosphere migrating to depth, and byproducts sourced
from the geospherediffusing upwards.Surface inputs include organics and oxidized
substrates such as oxygen and nitrate, which microorgancemstilize for aerobic (¢) and
anaerobic (N®) respirationin the upper portions ofhe shallow subsurfadeTo satisfy the
carbon requiremenneeded for the synthesis of biomoleculesicrobes can utilizerganic
compoundsas well asavailableCQ.

Microbes living deeper in the subsurface are likielyrely more on compounds produced
abiotically through geologic processes to satisfy their metabolic requiremeiiigotic
production of low molecular weight organic acids such as formate and acetate in subsurface
environments provides an additional nicther microbial metabolism Sources of reduced
sulfur €.g9.,H:S, 8 S0} and iron é.g.,Fe&**, FeShlsofuel microkesby supplying potential
energy sourcs’. The current paradigm of subsurface microbiolag deep hydrogerdriven
biosphere hypothesfs proposes thatacetogenic(acetateproducing)bacteria, acetoclastic
(converting acetic acid into methane) archaead autotrophic methanogengmethane
producing)consume abiotic, deep crustabbls an energy sourceoupled withCQ fixation.
Chemolithoautotrophs, organisms deriving both energy and carbon from inorganic sources,
could be considered as the primary producerghe deep terrestrial biospherthrough the
conversion of inorganics intmoavailable carbon

Of the small fraction ofmicrobes that have been cultured to datdue to the sampling
difficulty of the subsurface and complearicrobial growth requirements, there remains a
scarcity of isolates from the deep biosphere capable of being grown under laboratory
conditions.It is estmated that less than 2% dlie total bacteriaon earthcan be cultured in

the laboratoryusing traditional methodsand despite the ubiquity of prokaryotes within the
deep biosphereit is estimated that onlY.1% have been cultivateéél Hence why alternative,
culture-independent molecular methods are utilized to study microbial communities in their
entirety. While molecular techniques cdre used toidentify a great deal about microbial
community structuremetabolism and physiology, thegre limited in the information they
provide about microbial growth requirements and need to be grounded in culfependent
studies. Studying microbial isolates under controlled conditions allows for determination of
enzymatic activity, growth optima, dngene expression under different stimuditc., which
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can be linked back to activignd ecological rolesnder in situ conditions.Such a task is
possible within the S4CE consortium because of the access to several field sites, some of
which are expectetb be prone to host microbial communities.

1.2 Deliverable objectives

Our aim was to investigate new metabolic groups of thermophilic prokaryotes, mainly
lithoautotrophic microorganismsnvolved in sulfur ankbr carbon cycles witlthe ability to
resist ortolerate one or multiple stressor@ig. 3. These organisms may bevolved inthe
production or mitigation of poisonous bSor CH, have thepotential to metabolize gases
during injection, the ability to mobilize toxic metalde ability to produce gassesnd
therefore could be linkedo biofoulingunder conditions favorable to growth

Within the scopes of the S4CE consortiung bbjectives of this deliverablgere to:

A. Enrich and isolatenovelstrains ofbacteria and archaederived from the Carbfixl and
Nesjavellir sitewvith expected resistance to various extreme conditi¢gg, temperature,
pressure, heavy metals)

B. S2quence the whole genome of up to 5 new metabolic groups of Archaea and Bacteria
involved in sulfur antr carbon cycles

To isolate novel microbial species from the subsurface with the adaptive capaaigtabolize
geogasses, we focused culturing efforts on two ecologically signifithatrophic bacterial
groups:(a)iron-oxidizing bacteria antb) hydrogen-oxidizingspecies.

Iron oxidizing bacteria (FeOB) are abundant throughout the world and are found in different
bacterial phyla, such asirmicutesand Nitrospirae but the majority of them belong to the
Proteobacterigphylum. They caderiveenergyfrom the oxidation oferrous iron (F&') to ferric

iron (Fé*) coupled to the reduction of molecular oxygen or nitrate. Within Breteobacteria
phylum, they can be classified into four main physiological groups: (i) acidophilic, aerobic iron
oxidizers{ii) neutrophilic, aerobic iron oxidizers; (iii) neutrophilic, anaerobic (nitcetpenden)

iron oxidizers and (iv) anaerobic photosynthetic iron oxidizers. In pH neutral and erghen
water, ferrous iron can be rapidly and abiotically oxidized. Theegfaerobic, neutrophilic iron
oxidizers can be found in the interface betwemxicand anoxic zones, such as groundwater rich

in ferrous iron with low oxygen concentration3 he pilotstudy of gas injection at the Carbfix1
site has shown that carbon diwobe injection into basaltic rocks createdfavorableecological
niche for the development ofGallionelaceadamily member8. This family contains Gram
negative, neutrophilic, chemolithoautotrophic, aerobic iron oxidizers. Among seven genera
within Galliorelaceae the most significat response to the gas injection was observed for genera
Sideroxydansind Gallionella Neutrophilic iron oxidizers are well knoviiecausethey cause
technical problemdy clogging filters and drainage systems, spoilage of we#rayand water
quality issues associated with ferric iron precipitatestric iron produced after ferrous iron
oxidation can ceprecipitate with hazardous metal such as lead, nickel, copper, chromium,
cadmium and cobalt, efficiently removing them from tivater. Therefore, these bacterg@so

have the potential to beised in bioremediation of polluted groundwater

In contrast to FeOBwvhich are found at the oxianoxic interface, hydrogeaoxidizing bacteria

can be found in anoxic portions of the subsurface, decoupled from the need for oxygen.
Hydrogen is produced by a numbef abiotic processes including radiolysis, serpentinization,
graphitization, and cataclasis of silicadalsooccurs as a byproducif biologicalprocesses
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including fermentation, anaerobic carbon monoxide oxidation, phosphite oxidati@md
nitrogen fixatiod®. Hydrogen gas has a losduction potentia] making ita highly energetic
electron donor when involved iprocessessuch asmethanogenesis, acetogenesis, sulfate
sulfur and iron (lll)- reduction, aerobic hydrogen oxidatiorehalorespiration, fumarate
respiration,and denitrification'®. Hydrogen can also be generated during tgrosion of steel
frequently used in sulsuface geeenergy infrastructure in fact, hydrogerconsuming
microorganism$iavebeentied to corrosion especially pertinent to subsurface operations

In fulfilment of Objective B of the current deliverable, we initiated largescale isolation
experiments from terrestrial subsurface aquifer sampéshe Icelandic field sites available to
the consortium,with a focus orboth the iron- and hydrogeroxidizing bacterial isolateand
aSljdzSYOSR Aaz2ftlisSQa 3ISy2yvYSao

Whole genome sequencin@/GS)s the process of determining the complete DNA sequence of
an organism's genomehe entiregenetic material of an organislaWGS requires harvesting a
large quantity of high molecular weight DNA from -gdown isolates in order to generate
enough sequences of length and quality to complete the genome, aiwvs for the
reconstruction of metablic pathways,as well as bacterial genetics and evolutianalyses
When paired withmetagenomic analysis, genomes can be mapped to reveal abundance and
distribution within the comprehensive DNA datasétVGS ofour bacterial species can reveal
metabolicrequirements and adaptive mechanisms of subsurface microorganisms.

Targets:
Sample Fe-O)fid'izers
Well water S-oxidizers
S-reducers
Heterotrophs

] Pure cultures:
Determination of
metabolic activity

under gas injection

|Taxonomic identification |— conditions

l

Figure 1. Simplified overview of sampling strategy for obtaining microbial isolates

| 16S rRNA sequencing |

2 Met hodol ogi cal approach

In the vicinity of the Carbfix1 gas injection site, located 3 km SW of the Hellisheidi power plant
in SWiceland, 4 wells were chosen at a distance from thedinpn site where the influence

of gasmigration afterinjection was not detectedia the recovery of tracerddence the goal
wasto samplesubsurface aquifer communitiagperturbedby the gas injection evenwell
number HK12was drilled down to a depth of 200 m, and reaches a shallow, oxygén
aquifer. The other three wells extend into a deep aquifer present from8@Dmeters below
surface, with well depths of 900 m (HK26), 800 m (HK31), and 700 m (HK&gyoundwater
profile during monitoring in previous years showelkijotrophy inherent to most subsurface
system&?. Wells are subject to increasing geothermal influence at depth, with a steeper
geothermal gradient experienced on the eastenost wells. An additional 5 wellwere
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sampled from an aquifer at the neighboring Nesjavellir geothermal field, where gas injection
is scheduled to commence in the year 208hmpling from Nesjavellir presented another
opportunity to obtain cultures across a weléfined gradient of gedtermal influence from a

similarfield site

An established sampling procedure was followtedobtain groundvater from subsurface
aquifers at Carbfixl and Nesjavéllin brief, wells were flushed by continuous pumpinfy
groundwaterat ~ 11 s> uising a downhole pump 24 hours prior to sampling to ensure sampling

2T FNBaK 3INRBdzyRgl GSN® {GSNAES 0QQ

I 5t 9

0 dzo A

for 30 mirutes. 50 mL sterile Falcon tubes were filled with well water, minimizing exposure
to air. Samples were transported to the laboratory for culture medium inoculation could be
carried out under aseptic conditions brief, plated cultures were inoculated with 0.1 mL
well water using the spread plate methBdand liquid media were inoculated thi0.5 mL

well water via syringdnoculated culture mediwas incubated at 2%, 35C, and 55Cin the

dark, and monitored daily for growth. Once colonies (plates) or turbidity (liquid medisd w

visible, cultures were stored at @.

2.1 Isolation andculturing of FeOB

Culture medium.Neutrophilic iroroxidizing bacteria were isolated using sesulid gradient
tubes following the procedurelescribed by Emerson and Fld$dThe gradient tubes are
composed of two layers: the top layer with teemisolid mineral media and the solid bottom
layer also called iron plugvhich serves as the iron sour¢eig. 3. In these tubes, opposing
gradients of ferrous iron (from the iron plug) and oxygen (from the headspace) are generated,
that creates a favowble environment for neutrophilic FeOB which are limited to grow at

oxic-anoxic boundaries.

The two layers are prepared separatelly.our approach, ie bottom
layer contaied 1% (w/v) highmelt agarose (type Il medium EE(

Sigmal f RNAOKUO +FyR |y Sldat @2¢d
ba2aalb YR CS{ azftdzirxzye 2SS LN
YAYSNIf YSRAdZY 6a2aa0x 22f7FQa

solution accoding to the protocol1). MWMM contaired for one liter
of HO: 1 g NECI; 0.2 g MgSrHO; 0.1 g Cag&PHO, 0.05 g KHPQ
FYR mn Yt 2F W ampm® 2 2f FQ&dfofA
one liter of HO: 1.5 g nitrilotriacetic acid, 3 g Mg&0+HO, 0.5 ¢
MnSQ-HO, 1 g NaCl, 0.1 g FeSt0, 0.1 g CoSYH0, 0.1 gCacCl,
0.1 g ZnSH7HO, 0.01 g CuSGHO, 0.01 g AIK(S)2-12HO, 0.01 g
H:BGQ, 0.01 g N&MoOs-2H0, 0.001 g N&eQ (anhydrous), 0.01 g
NaaWQ; -2H0, 0.02 g NigbHO. FeS stock solution was prepare
under the hood by heating 300 ml ob® milliQ to 50€ and adding
separately 46.2 g of ferrous sulfate FeS03+0 then immediately 22.35
g of sodium sulfide N&-9 HO.

hours the water was replaced at least 5 times and the neutrality of

Gas
Headspace

N2/CO2/O2

«

Semi-solid
growth
substrate

Fe2+

The 500 ml bottle was filled to the top with heated water. After seve Figure 2. Diagram of

FeS gradient tube

f dzii A 2

was verified. The top layer contains 0.15% of-loeit agarose dissolved in the MWMM.
Media prepared for the to@mnd bottom layers were autoclaved and afterwards, 1.5 ml of
bottom layer was immediately distributed into each sterile culture tube aseptically, and
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cooled on ice, followed by the addition of 7.5 ml of sewiid top layer.The procedure for

the liquid vesion of the gradient tube preparation was the same as described for-seii
medium, with the omission of agarose from the top layer. Tubes were immediately stoppered
and flushed with filtered gas (Orin pore size) to replace the headspace. The contioosof

the headspace air for FeS/@radient tubes was NCQ:0, 79:20:1 and for FeS/NQOis
N2:CQ 80:20 with 4 mM of potassium nitrate added to the aqueous layvculation and
transfer of 0.2 ml of bacteria on gradient tube were done using stabhow®, through a
stopper with 1 ml syringe and a 10 cm long needl@ultures were incubated at room
temperature in the dark and monitoring daily for signs of grov@howth was determined by

the presence of an orange band of iron oxide missing im#dgative control which represents
microbial species that had migrated to a biologicallytable level of oxygen and iroRig 3.
Through selecting single bands for transfer each time, species positioned at a different level
of the tube would be transfead separately.

Microscopy.To verify growth ando measure ggm ! o

cell density, cultureswere sampled for
epifluorescent nucleic acid staining. Ce
were stained with 0.0005% of acridine orangss
then visualized with an epifluorescencls
microscopy as described by Emerson anf™
Moyer'4. Acridine orange is a cell permeabl
organic compound which can intercalat  Figure 3. (left) negative control and (right)

within dsDNA and emit green fluorescenc mi(.:robial culture showing iron oxides where

when excited at 525 nmAs a positive Contl’0|mlcr0blal growth occurred after 1 month (red arrow)

to test growth medium efficacy, we uséerriphaselus amnicaglgculture collection number:
D3V26810, JCM18545) a neutrophilic, mesophilic, microaerobic iron oxidizer, which was
isolated from a groundwater seep in Ohyato Park, Tokyo, J&p&m tninoculated medium
served as a negative control.

DNA ExtractionAfter 20 days of growth, cells had eed 1.875 x 1%cells/ml densityand

DNA extraction was performeftom liquid gradient tubes. 180 mL of culture was collected
and washed with salted buffer (108M TrisHCI pH8, 10&M NaCl, 50nM EDTA pH8) to
remove the iron (Ill) oxyhydroxides attachedthe microbial cells. DNA was extracted from
the cell pellet using the DNeasy PowerLyzer kit (Qiagen, n°12855) according to the
YIydzFl OGdzZNEND&a AyaidNdzOGArzyaod

16SrRNA genamplification. The 16S rDNA gene was amplified using 4 ng of extracted DNA,

0.5 uM dNTP, 0.5 uM and primepair (518F)5-CCAGCAGCYGCGGTFAANO26R)5'-
CCGTCAATTCNTTTRAGT or  universal bacterial  primer pair 0 LJy C0-Y p Q
AGAGTTTGATCCTGGCITORGLIM N I AAGCGECTACCTTGTTACGRO 2 H| Kk xf 27
enzyme and 1x Phusion HF bufferanfinal volume of 30 ul, according to the Phusion
protocol'’.

The cycles composiraur PCRorocedurewere: 1 cycle of denaturing at 98°C for 60 seconds,
followed by 35 cycles of denatag at 98°C for 10 seconds, annealing at 57°C for 30 seconds,
elongation at 72°C for 30 seconds. 1 cycle of final extension was at 72°C for 5 minutes, and
PCR product was kept at 4°C until use.

The quality and size of PCR product was verified by electreplsooranagarosegel1% (w/v)
in 1X TAE buffer (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8), stained with
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ethidium bromide and visualized under UV light. The amplicon DNA concentration was
guantified using the QuantiFluor Quantus Fluorometer #&scpurity assessed by NanoDrop
spectrophotometer 260/280 and 260/230 ratios using a PCR water BPIR. products were
diluted according to specifications and were sent to Genewiz for Sanger sequencing.

16S rRNA gene phylogengeneious prime software (version 2020.1.1) was used to analyse
the Sangesequencing trace files, which are generated by the sequencing company (Genewiz)
and contaired information on thequality of the sequences and the chromatograihe
forward and revers sequences for isolate Fe®H31 were assembled int@n individual
consensus sequence of 4BBwhich was compared to the sequences available in the National
Center for Biotechnology Information (NCBI) rredundant nucleotide collection (nr/nt)
using theMegablast algorithrtf. ThelObest hits of the BLAST searchifmlatewere aligned

with the query sequence using SeaView (version 5.0.1.), a graphical user interface for multiple
sequence alignment and molecular phylog€nyrhe MUSCLE multiple sequeratignment
program was used to align the sequences, which were manually re#nptylogenetic tree

was constructed with the Maximu+hikelihood method using 500 iterations.

2.2 Isolation and culturing oHydrogenophaga isolates

Culture Medium for GrowthHydrogenophagapecies were isolated on a sterile l@ivength

organic solid medium R2A which congdgtior 1 liter of HO: 0.5 g yeast extract, 0.5 g bacterial
peptone, 0.5 g casamino acids, 0.5 g dextrose, 0.5 g soluble starch, 0.3 g sodium pyruvate, 0.3
g kHPQ, 0.102 g MgS©7 HO,and 15 g agardjusted to pH 7 using HCI

For the primary inoculunQ.1 mL of freshhkgampled well water was spread over a petri plate
and incubated at room temperature in the dark. Colonies appeared after 1 week of
incubdion; these coloniesvere individually picked and subject to quadrant streaking to
obtain individual coloniesA colony was picked and-steaked 3 consecutive times to obtain

a pure culture (a singlmonoclonal isolate

Cell Biomass foGenomeSequencingTo generate biomass for whole genome sequencing
(WGS), 15 ml of R2A broth medium was inoculated from an individydfogenophaga
colony and incubated for 9 days at 20°C in the dark, shaking episodically during daily
monitoring. The large culte, for biomass production, wggoducedby inoculating 5 ml of
culture into 500 ml of R2A broth medium then incubating for 9 days at 20°C in the dark and
shaking episodically during daily monitoring. The cells were harvested by spinfijgatx

gfor 10 min at 4°C using centrifugigma 4K15, rotor 12169H.

DNA extraction After 9 days of growth, 10 mL culture were haregbstia centrifugation at
5,600 x gpm for 2 minutesat 25°C The cell pellet was resuspended in 225 pl of Solution |
(50 mM Glucose, 10 mM EDTA, 25 mM-|@& pH 8.0), followed by adding 75 ul of 0.5 M
EDTA. Cells were lysed with flash freezing in liquid nitrogen and thawed at room temperature,
this procedure wasepeated three times. After the addition of 100 ul of lysozyme solution at
(4 mg/ml suspended in Solution 1), the sample was incubated at 25°C for 15 min and agitated.
50 ul of SDS 10% was added followed by adding 800 pl of Rh@mbbroform pH 6.7/8.@0

the sample. After mixing and spinning 600 x grpm for 2 minutesat 25°CG the upper
agueous solution was transferred to a new tube, then 800 ul of Phe@bloroformg Isoamyl
alcohol mixture (25:24:1) was added followed by mixing and spinnibgs@d x gpm for 2
minutesat 25°C The upper aqueous solution was transferred to a new tube and 0.1 volume
of 3.0 M Naacetate and 1 ml of 100 % ethanol for overnight DNA precipitatior2@tC.
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Samples were then washed witB% ethanalair-dried and resuspended in water. The quality

of DNA was verified by electrophoresis @m agarosegel (199 in 1X TAE buffer (40 mM Tris
base, 20 mM acetic acid, 1 mM EDTA, pH 8), stained with ethidium bromide and visualized
under UV light. The DNA wagsantified using the QuantiFluor dsDNA Systamd its purity
assessed by nanodrop 260/280 and 260/230 ratios.

16SrRNA gengohylogeny.The 16S rRNA gene was amplified and sequenced using the same
methods as FeOB HK3he forward and reverse sequences for the sedgdrogenophaga
isolates were assembled into individual consensus sequences of 1406 base pairs long, which
was compared to the sequences available in the National Center for Biotechnology
Information (NCBI) neredundant nucleotide collection (nr/nt) using tiegablast
algorithmt®.

The 35 best hits of the BLAST search, in FASTA file, were afigaradhlly refined, and used
to reconstruct the 16S phylogeny using the same methbdswere used foFeOBHK31.

Abundance in total bacterial community. The 16 sequences from the four
Hydrogenophagasolates were compared to sheréad metabarcoding sequences from the

Carbfixl wells to identify the abundance and distribution of isolates in the native
SYGANRYYSyGod ! {+& dzy RSN (KS KHE2YyBBND K&aNH
from the total bacterial sequencing data for community analysis. From the isolate sequences,

GKS pQ SyR 2F GKS TFdzZt Sy3adkK 2F wmc{ NBIA:
corresponds to the beginning of variable region 4 (V4) ara first nucleotide of ASV,
GKSNBIFA GKS 0Q SYyR 2F wmc{ NWwb! gl & GNRAYYSR i
end of variable region 5 (V5) of ASV. The phylogenetic tree was constructed with the PhyML
program, a phylogeny software based on the maximikelihood principle included in

SeaView. Branch support was estimated by bootstrap resampling using 500 iterations. The
resulting Maximum likelihood phylogenetic tree was then manually edited with FigTree
(v1.4.3).

3 Summary of activditngs and re

3.1Isolation and characterization of FeOB

In semisolid FeS/O gradient tubes, FeOB growth is usually characterized with the
development of a weldefined band of iron oxides in the mediuagobserved for the positive
control (Fig.4A, see growth ofF. amnicolgd. Since the irofoxidizing bacteria are usually
encrusted in iron oxides, and are not visible with optical microscope, we visualized them with
acridine orange staining and epifluorescence microscopy. For the positive control,
Ferriphaseluamnicola,we observed a large number of rethaped bacteriaHig.4B). These
iron-oxidizers belong to th&sallionelaceadamily. They are described as Gramegative,
short, gently curved rods (0-B.9 x 0.70.9 um) that can produce stalks 200 nm widel.

In semisolid FeS/Q gradient tubesnegative controls have also shown a diffuse spread of
oxides Fig.4A, see NEG), that can be due to abiotic iron oxidatladeed,althoughwe did

not observe distinct cellular morphology such as bacilli or cageidid see fluorescent
minerals with no uniform shapé-{g.4B).

After screening all rustoloured bands, seen in the gradient tubes inoculated with the
samples collected frommonitoring wells HKL2, HK26, HK31 and HK34 and incubated at
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different temperatures, growth was iddified in the gradient tubes of H&1 incubated at
20°C in triplicate and have clearly shown the-sbdped Fig.4B, see FeOB HKL). The ells
were approximately 2 um x 0.4 pim size The growth of these bacteria on sesulid Fe/O,
gradient tubes appeared morkke a diffuse-spread of oxide tharthe well-defined rust
coloured band seen for positive contréli§.4A). This leads to the question of the metabolic
capabilitiesof the newly detected culturesand their relationship with xygen. We observed
the growth of HK31 FeOB &1®S/Q and FeS/N@ gradient tubes, suggesting they ability to
useferrous iron as an electron donor and oxygen or nitrate as terminal electrapsmrcand
carbon dioxide as a carbon source.

A B

Positive control
Ferriphaselus amnicola

Negative control FeOB HK-31

10pm

Figure 4 A. Culturing on semi-solid medium Fe2+/02 gradient tubes at 20°C. (left) NEG indicates the negative
control, or uninoculated medium, (middle)Ferriphaselus amnicola serves as a positive control, (right) FeOB HK-
31 Figure 4 B. Acridine orange staining and visualization by epifluorescence microscopy, visualisation of the
samples from semi-solid Fe2+/0O2 gradient tubes incubated at 20°C for 10 days, (left) negative control is
uninoculated medium, (middle)positive control strain Ferriphaselus amnicola, (right) FeOB HK-31. Image above
is at 1000x total magnification using the WIB filter. The bottom three pictures are a close-up from one part of the
image above.

In order to identify the isolated FeOB from the well-BiIKwe extracted gDNA, amplified the
sequences coding for 16S rRNA and sent them for sequencing to Genewiz. Several attempts
to sequence the PCR products of the full length of 16S rDNA (amplified with universal primers
B8F and U1492R) failguhssiblydue to non-matching sequencesf the primer. However, the

408 bp sequenced region of Wb of the 16Sr DNA with metabarcoding primers 518F and
926R allowed us to identify the bacteria at phyhiiass, and potentially genutevel. Using

NCBI database, the behit for V4V5 region of 16S of Fe@B<31 wadhreatobactersp.
61DPR27 with 88.73% similarity for 77% query coved¢ 1).

Table 1. The best hits (using the NCBI nr/nt database) for 408 bp V4-V5 sequence of FeOB-HK31

Species Accession number | Per. Ident | Query cover
Phreatobactesp. 61DPR27 KP182152.1 88.73% 77%
Phreatobactesp. Strain NMCR1094 MH282932.1 88.24% 77%
Boseasp. Strain JM} MN220508.1 87.99% 7%
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The phylogenetic tree with the closest cultured representatives shows that FeGH HK
clusters between branches dPhreatobacterand Boseaspecies belonging to the class
AlphaproteobacterigFig.5). Phreatobacters arecentlydescribed genus, thatomprise only

3 species and is not assigned to any specific family nor order. They were isolated from
ultrapure water of the water purification system of a power pnfrom piece of wood in a
lava cavél, or from a cathode of microbial fuel c&ll These environmental bacteria were
isolated on R2A medium and described as Gram negative, strictly aerobispooriating
rods, capable to reduce nitrate. The members of geBoseaare assigned to the family
Bradyrhizobiaceaand have been isolated fran a variety of sources such as root nodéies
hospital water suppli€’. In the current standards to delineate a new spedm®scomparing

the full length 16S rRNA gene (~1500 Bpjjuencesimilarity has to be below 98.78% closest
cultured rdative, and to delineate a new genus, ti&S has to be < 95% sequerstailarity

to the closest cultured relative. To determine its phylogeny at the genus and species level
requires building a phylogenetic tree using the full length of 16S rDNA gene, andlgsiana
of metabolism and physiology to determine if the isolate displays phenotypic deviations from
its relatives. The cloning of the full length of 16S rDNA of F¢KCH. sequence using TOPO
TA Cloning kit (K450002)s8ll in progress. Moreoverextracted genomic DNA was sent to
Duke Center for Genomic and Computational Biolofgy whole genome sequencing
Comparative genomicstudy of the sequenced genome will allow us to get more insights of
its metabolism(e.g, iron oxidation, carbon fixatiorespiration)by searching marker genes
indicative of potential metabolic pathwaythat could explain their adaptation to the
subsurface environments

Sphingomonas_paucimobilis_ATCC29837T
 MH282932.1_Phreatobacter_sp._strain_NMCR1094_165_ps

I KP182152.1_Phreatobacter_sp._61DPR27_165_ps

~‘ HK31_FeOB_V4_V5
83
MGC966057.1_Bacterium_strain_C1-16-27F.seq_165_ps

KM253231.1_Bosea_sp._UR

KP398540.1_Bosea_sp.UBH6_165_ps

MG708153.1_Bosea_sp.strain_Bos1_165_ps

MN220508.1_Bosea_sp.strain_JM-4

MH699184.1_Bosea_sp._strain_MA117_165_ps
90 I MHO032761.1_Phreatobacter_sp._strain_S-12_165_ps
KX447592.1_Phreatobacter_sp._5-12_165_ps
0.01

Figure 5. Maximum-likelihood phylogenetic tree of 408 bp fragment of the V4-V/5 region of the 16S rRNA gene
of FeOB HK31.The robustness of the tree is estimated with bootstrap values, which is indicated with the coloured
numbers on the branches. The length of branch indicates the number of changes which took place from the node,
from which the branch originates. The phylogenetic tree was rooted with an outgroup Sphingomonas paucimobi
which belongs to the Sphingomonadacedemily within the class Alphaproteobactea, iterations= 500.
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3.2Isolation and WGS dflydrogenophagasolates

Severstrainswere isolated on R2A medium from well 88 (i73, i78, i79s, i79] and i8Big.

6A) andwell HK12 (i82 and i83Fig.6B). Analyses of the 16S sequences from these isolates
allowed taxonomic assignmento the genusHydrogenophaggTable 3. To identify their
phylogenetic relationship with otheldydrogenophagapecies, we built phylogenetic trees
based on 16S rDNA genes similarity between these isolates and the 35 best hits from BLAST
search. The first phylogenetic tree included cultured representativigs ). The second tree

also included the sequences froamcultured bacteriaKig.8). For each phylogenetic tree,
isolates 173, is79, il79, i83 were clustering together, suggesting thatftineya clade within

the genusHydrogenophaga

All best hits werdound tobelong to theHydrogenophaga taeniospirabpecies, showing that
this species is the closest cultured relative of i73, is79, iI79, 183 isoldyelsogenophaga
taeniospiralisvas isolated from soil near Barcelona, Spain, it grows optimally afB30°C

B - HK- 12

Figure 6. Hydrogenophagaolonies growing on Petri plates with R2A medium at room temperature from wells
HK-26 (A) or HK-12 (B).

Table 2. The best hits (using NCBI nr/nt database) for the 1406 bp fragment of the 16S rRNA gene of
Hydrogenophagasolate i73

Species Accession number | Per. Ident| Query cover
Hydrogenophagap.PAMC20947 CP039252.1 98.42%6 100%
Hydrogenophaga taeniospiral&8E57 AY771764.1 98.42% 1006
Hydrogenophaga taeniospiral&KRS9T( MH478342.1 98.6%% 98%
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The best hit excluding uncultured sample sequences was the strain 4KRS9T6 with the
accession number MH478342 this sampleéhad 98.69% for the 98% query coverage. These
valuesare just below the generallyacceptedthreshold to delineate a new specieshich is
98.7%, suggesting that the isolates i73, is79, il79, i83 may represent novel species within the

Hydrogenophagaenus.
[bootstrap_vtT NR_109013.1_Polaromonas_glacialis_strain_Cr4-12
H 93y MK587641.1_Hydrogenophaga_sp._strain_KMM_6763_16S
P KC247351.1 Hydrogenophaga sp._KMM_6728_16S
o LJQ7999761 Hydrogenophaga_sp._FS13-2_16S
KC247338.1_Hydrogenophaga_sp._KMM_6726_16S

'MK1409861 _Hydrogenophaga_sp._strain_s4j41-11_16S
: FR691429.1_Hydrogenophaga_sp._R-38517_16S
2 AJ441011.1_Antarctic_bacterium R9284 16S
_59 | + KP172206.1_Hydrogenophaga_sp._MR22_16S
31 % AB795550.1_Hydrogenophaga_taeniospiralis_| Iso10 15_16S
o +LC435567.1 _Hydrogenophaga_sp._UMI-18_16:
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¥MN061010.1_ ~ Hydrogenophaga_laconesensis_strain_0-12_16S
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B5“MH2599571 Hydrogenophaga_taeniospiralis_strain_SYR39_16S
n MH2599651 “Hydrogenophaga_taeniospiralis_strain_SY2_16S
+MK880594.1_Hydrogenophaga_taeniospiralis_clone_SYR21_16S
‘MH259931 1_Hydrogenophaga_taeniospiralis_strain_SYR13_16S"~
+ NR_028716.1_Hydrogenophaga_taeniospiralis_strain_2K1_16S
NR 114131.1_Hydrogenophaga_taeniospiralis_CCUG
KU713094.1 Hydrogenophaga sp._K42-1A_16S
100 3.1_Hydrogenophaga_sp._R025N_16S
KF4415721 _Hydrogenophaga_sp._A1-47_16S
KF441666.1_Hydrogenophaga_sp._7B-224_16S
ha— EU130955.1_Hydrogenophaga_sp._BAC57_16S
§ 4 58 1 KU233256.1_Hydrogenophaga_sp._S83_165
66 44 | 1p ﬁ + JQ977158.1_Hydrogenophaga_sp._Era30_16S

67 11 KF441648.1_Hydrogenophaga_sp._7A-385_16S
. —{51EDQ9863201 _Hydrogenophaga_sp._CL3_16S

AM110076.2_Hydrogenophaga_sp._Rs71_16S
KU7130951 _Hydrogenophaga_sp._T6-1B_16S

- 79|5
83|

92 3 AY771764.1 Hydrogenophaga taenlosplralls clone_SE57_16S
3 MH478342.1_Hydrogenophaga_taeniospiralis_strain_4KRS9T6_16S
- AB795551.1_Hydrogenophaga_taeniospiralis_strain_|so10-16_16S
AJ440995.1_Antarctic_bacterium_R-8890_16S
NR_158138.1_Hydrogenophaga_crassostreae_strain_LPB0072_16S
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Figure 7. Maximum-likelihood phylogenetic tree of full length 16S with Hydrogenophagapecies from NCBI
databases. The cluster for the isolates is79, il79, i73, i83 is highlighted in yellow. The robustness of the tree is
estimated with bootstrap values, which is indicated with the color and the number on the branches. The length of
branch indicates the number of changes which took place from the node, from which the branch originates. The
phylogenetic tree was rooted with an outgroup Polaromonas glaciailisstrain Cr4-12, which belongs to the
Comamonadaceafmily, iterations= 500.
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Figure 8. Maximum-likelihood phylogenetic tree of full length 16S with best hits Hydrogenophagapecies from
NCBI databases. The cluster for the isolates is79, il79, i73, i83 and uncultured bacteria is highlighted in yellow.

In the orange dashed box are the closest cultivable representatives. The robustness of the tree is estimated with
bootstrap values, which is indicated with the color and the number on the branches. The length of branch indicates
the number of changes which took place from the node, from which the branch originates. The phylogenetic tree
was rooted with an outgroup Polaromonas gciailis strain Cr4-12, which belongs to the Comamonadaceae
family, iterations= 500.

Analysis of the best hits phylogenetic treéh BLAST best hiteas shown that our isolates are
clustering together with clone FMWB26 (accession number: KF975530.1¢ BRBE2B
(AB583905.1), isolate cMM31B! (AJ536813.1)and isolate cMM31D2 (AJ536811.1)
(Fig. 8). These four best hits of i73, is79, iI79, i83 isolates all originate from subsurface
environments including: mine drainage water in Iran (clone FMWB26); groundwater from
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borehole MSE2 at 79 m in Japan (clone RBB) and from a magnesite mine in Austria
(isolates cMM3124 and cMM319D2). It is likely that thesklydrogenophagapecies belong

to a subsurfacespecific clade. It has been shown thilydrogenophagaspecies are
widespread in subsurface and were found in different environments such as Japaegse d
granitic aquiferd’ or in contaminated groundwater with benzene in nostlest Englanéf. The
Hydrogenophaganew species to which our isolates belong could differentiate from other
Hydrogenophagapecies by their capability to adapt to the subsurfades Hootstrap values

of the node containingsolates i73, is79, iI79, i83 and the four best hits of uncultivable bacteria
was99% showing theobustnesf this branch ig.8).

To obtain the abundance o
Hydrogenophaga ASVY Distribution

_and d.IStrlt.)Utlon. Of HK12 HK26 HK31 HK34 ASV

isolates i73, is79, il79, i87 oz- ASVO! B ASV13
. ASV 02 ASV 14

among the monltorlng B ~svo: ASV_15

asv_os ] sv_ts
B ~svos ASV 17
ASV 06 ASV 18

wells of Carbfixl site we
retrievedV4-V5amplicon
sequencing varian(ASV)
from previously
sequenced
metabarcoding datdhat
where fully matching 16
rRNA isolate sequence . 3
when  possible:  we TF gTUE geEEyEgEs g
aligred the regions samplelD )

between the full length

16S of isol . 9 dFigure 9. Hydrogenophagadistribution and abundance at Carbfixl. ASVs
of isolates t.rlmme correspond to the V4-V5 fragment of the 16S rRNA gene. Colored sections

to the V4V5 regionand represent the relative abundance of ASVs with identical 16S sequences to the

ASVs assigned tcbacterial isolates described in this study. Relative abundance is given as a

Hydrogenophaga to fraction of the total bacterial community.

reconstruct a

phylogenetic tre. Matching ASVs were used to analyse relative abundances of corresponding
isolates across time and wellsig.9). The phylogenetic tree analysis revealed that isolate is79

is clustering together with ASVBi¢.10). Moreover, the sequence alignment betere is79

and ASV5 has shown that their sequences are identical (data not shown), suggesting that
ASV5 may correspond to the isolate is79 and that the distribution and the abundance on
Carbfix1 site of this isolate is the same as it was observed for AB\N&bamplicon was found

in the deep monitoring wells HBL as well as HE6, from which is79 was isolated. The
abundance of the ASV5 in the well HK31, over time, was relatively homogenous accounting
for 2-5 % of the community while in the well F&#6. Duringhe autumn 2018it belonged to

the second dominant species biydrogenophagaenus. Nevertheless, the alignment with

the 400 nucleotidesong metabarcoding dathas less resolutionompared to the full length

of 16S and does not resolve differences in the entire 16S rRNA gene or in the genome. For
example, we observed that the istes i73 and 183 were clustering together with ASKig.(

10) and the alignment of these three sequences has shown that their regid/b\iglidentical

(data not shown). Whereas the comparison of the full length 16S between i73 and i83
revealed some diffences between these two isolates, suggesting that i73 and i83 may
belong to the two different subspecies or species Hfdrogenophaga The isolate 73
originates from the deep monitoring well H6, whereas i83 from the shallowestHR. The

ASY_07 ASV_19
ASV_08 ASV_20
ASV_09 ASV_21
ASV_10 ASV_22
ASY_11 ASV_23
ASV 12 ASV 24

Abundance

HE12July2012
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ASV 3 was mdyg found in the monitoring wells HR6 and HK31. The abundance of this
amplicon on September 2018 in the monitoring well28was the highest, it could indicate
that the dominantHydrogenophagdsub)species was i73, which was isolated from this well,
but also this could reflect the presence of other (sub)species with the identicgb\égion,
including i83.
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Figure 10. Maximum-likelihood phylogenetic tree of trimmed 16S sequences of Hydrogenphagdsolates with
metabarcoding V4-V5 tags. The cluster for the isolates is79, il79, i73, i83 and ASV 3, 5, 16, 22 is highlighted in
yellow. The robustness of the tree is estimated with bootstrap values, which are indicated with the colour and the
number on the branches. The length of branch indicates the number of changes which took place from node, from
which the branch originates, iterations= 500.

The reason why thélydrogenophagasolates were mostly observed in the deep monitoring
wells HK26 (900 mbls) ad HK31 (800 mbls), could be explained by chemical and physical
properties of these wells. For example, temperatures measured in these wells were similar
(~17.5°C) whereas the temperature in the shallowest weltlRIK200 mbls) was 5.8°C and
that in the deep well HK34 (700 mbls) was 29.9°C. Indeed, the temperature can influence
bacterial growth by affecting the enzyme activity but also membrane fluidity. Moreover, this
microbial distribution can be also explained by the similar geological location of the
monitoring wells HR6 and HK31. For example, the hyaloclastite formations, abundant in
these two wells, can be the source of dihydrogen derived from abiotic processes sourced at
depth that can be used by these bacteria. Indeed, it has been shown that som
Hydrogemphagaspecies can grow chemolithoautotrophically using$én electron donof®.

The reliability of the phylogenetic tree can be estimated with the bootstrap values, which
indicate the branch repeatability during the resampling of the dataset. The bootstrap value of
the cluster with four isolates and amplicon 3, 5, 16 and 22 is 50&y#tueis belowthe
confidencelimit generally set at 7@0%
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4 Concl asnfdongreess

5St AGSNIO0fS nomnIE G9YNAROKYSY(d FyR AazdlGAz2y
the goalto obtain cultured representativescologically relevant t@ubsurface operations.
The objectives of this deliverable were to:

A. Enrich and isolate novel strains of bacteria and archaea derived from the Carbfix1
and Nesjavellir sites with expected resistance to various extreme conditegs (
temperature,pressure, heavy metals)

B. Sequence the whole genome of up to 5 new metabolic groups of Archaea and
Bacteria involved in sulfur and/or carbon cycles

In fulfillment of the first objectiveye isolatediron-oxidizing bacterium FeGBK31, which

likely repregnts a novel genus or species of Phreatobacter belonging to the
AlphaproteobacteriaFeOB HK31 is capable of oxiditey(ll) to gain energy while fixing £O

into biomass and respiring either oxygen or nitrateolated fromborehole HK31, this
Phreatobactespecies may derive reduced iron from the basaltic crust, nitrate or oxygen from
the aquifer groundwater, andCQ from magmatic degassing. Its chemolithoautotrophic
lifestyle could play a key ecological role during primary production in theswstace,
effectively linking together the carbon, iron, sulfur and nitrogen cyclé® 16S phylogeny
placed FeOB HKS3lbetween genera Phreatobacter and Bosea in the class
AlphaproteobacteriaThe closest cultured relativ®hreatobacter cathodiphilusasisolated

from a cathodé. If this species possesses the same capabilities, it may be able to derive
energy from metallic surfaces such as stainless steel, which has implications for problematic
processes such as corrosiof full species characterizatiors currently underway which
includes determining optimal growth conditions, testing alternative electron donors, terminal
electron acceptors, and carbon sources, and analyzing chemotaxonomy, including quinones,
fatty acids, angbolar lipids Whole genomeequencing (WGS) is also being carried wiiich

will aid in identifying alterative metabolic pathwayasedin situand subsurface adaptations
andultimately help determine if FeOB HK31 represents a novel genus or species

We have also isolatednd segienced the genomesevennovel strains oHydrogenophaga
(isolates 1B, i78,is79 il79, i80, i82, i83, which originate from the shallow monitoring well
HK12 (i82 and i83) and from the deep monitoring well-28(i73, i78, is79, il79, i80).
Phylogenetiadeconstruction of the 16S rRNA gene platiegse isolates im subsurface clade
of Hydrogenophagaspecies, within a clustgproximal to Hydrogenophaga taeniospiralis
These isolatefikely representseveral novespecies osub-species oHydrogenophagahat
are highly abundanat Carbfixl(as detected in the 16S metabarcoding analysispecially in
deeper welldHk26 and HK31. They ardikelytied to an environment enriched in hydrogen
The redundancy oHydrogenophagan subsurface communities worldwidguggests that
they are indigenous and potentially widespread in the terrestrial subsurfd&agenomic
analysis using the genomes of the seven isolates and a metageasseenbled genome
(MAG) ofHydrogenophagdrom this study is being performed to better understand the
isolates distribution and function within the native microbial community, ondncover how
this species helpshape the dynamics of subsurface microbial populations.

Subsurface geoenergy operations a#lithe properties of the natural environment benefit
from subsurfacelerived resourcesvlicroorganisms exist great depths, with drilling efforts
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opening a window to reveal microbial communities thousands of meters below the stitface
Often, such communities exist under severe nutrient and energy limitations, drastically
reducing or suspending growth rates. Subsurface operations introduce perturbations into the
ecosystem, andn doing so,canprompt a biological response that could inde biofouling

and biocorrosiorevents Iron-oxidizing bacteria and hydrogesxidizing bacteria are groups

of microorganismshat have both been tied tbiocorrosion. Some iroonxidizersare capable

of deposiingiron hydroxides (rust) extracellularly at@e hundredsf timeshigher than the
abiotic equivalent®. These species would be of concern at shallow depths, where an
oxic/anoxic interface exists. Hydrogeridizing bacteria decoupled from the need for
oxygen for some species, can be found at tgedepths.Hydrogenophagare hydrogen
oxidizingfacultative autotrophs and can successfully outcompete with other bacteria on low
organics or in organifree environments Theyare highly abundant at depth at Carbfix1,
indicating they may be ecologicalgygnificant in the deep subsurface environmeiitie
isolation of novel ironand hydrogeroxidizingspeciesallows us to study subsurface microbial
representatives under controlled conditions. We can use these cultures to understand which
conditions are prmissive oflimiting for growth, and their capacity for carbon, nitrogen, and
sulfur cyclingThe novelty of the species, coupled with their metabolic repertoire adapted to
subsurface conditions willltimately expandour understanding of the nativesubsurface
community functioning Understanding microbial ecologgs a function of depth and
geochemical regimewill help future subsurface operations teetter work in harmony with

the native microbial community
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