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Abstract

Surtsey is a volcanic island located on the south-east offshore extension of the Icelandic
rift zone. It was formed during successive eruptions from the seafloor in 1963-1967 and
has been officially protected and studied ever since. It represents an exceptional natural
setting for studying colonization and succession of life on land. Also for subsurface
microbial communities associated with newly formed basaltic tuff deposits in a seawater-
hydrothermal system that is still active and at temperatures approaching the presumed
thermal limit for functional life. During an international drilling operation at Surtsey in
2017, drill core samples at successive depths as well as associated hot fluids and surface
fumes from fumaroles were collected for microbial investigations. This thesis presents the
first and most comprehensive research of the Surtsey subsurface biosphere. Multiple
approaches were combined on the rare and unique samples to increase the knowledge of
microbial communities inhabiting the oceanic subsurface and of the processes that sustain
such life. These included molecular analyses of environmental DNA through 16S rRNA
gene amplicon and metagenome sequencing, isolation and characterization of bacterial
strains and microscopic investigations. Based on the DNA concentration, the microbial cell
numbers present in the drill cores were estimated to range from about 5x10* to 1x10° cells
per gram of sample. The Surtsey subsurface is therefore a low biomass environment,
making the samples extremely sensitive to external contamination. It is nevertheless a
diverse habitat that hosts bacterial and archaeal clades, including extremophiles, that have
been previously detected in other terrestrial and marine environments. Yet, many clades
belonged to unknown lineages. Predictive functional analyses based on taxonomic
identifications revealed that the Surtsey subsurface biosphere is composed of heterotrophic
microorganisms as well as chemoautotrophs involved in the sulfur, nitrogen, and methane
cycles. However, these results could not be strengthened by the functional metagenomic
investigations as they were inconclusive. Numerous enrichment cultures were initiated
using different conditions and media and resulted in nearly 200 isolated bacterial strains,
which included several novel species. One novel thermophilic bacterial species,
Rhodothermus bifroesti, was fully characterized and its genome was sequenced and
compared with those of the two other described Rhodothermus species. Comparative
analyses revealed that 2.15% of the amplicon sequence variants from the 16S rRNA gene
amplicon sequence datasets were represented by cultivated strains using standard methods.
Finally, putative microbial structures adhering to the basaltic tuff were discovered inside
the numerous interconnected vesicles found in the basaltic glass. All of the findings point
to an active microbial colonization of the Surtsey deposits within 50 years after the
eruptions ended, with possible sources of colonization coming from the surrounding
ecosystems via microbial dissemination and possible adaptations. The thesis establishes a
foundation for future research on the microbial communities that inhabit the Surtsey
subsurface and their temporal succession in the face of a cooling and changing
hydrothermal environment.






Utdrattur

Surtsey er eldfjallaeyja sem stadsett er & rekbelti sudaustan vid island. Hin myndadist i r6d
nedansjavargosa a arunum 1963-1967 og hefur verido fridud sidan. Surtsey hefur pa
sérstodu ad par hefur verid mogulegt ad rannsaka landndm lifvera og framvindu vistkerfa
fra upphafi. Ranns6knin sem hér er lyst snyr ad drverusamfélégum i eynni, i umhverfi par
sem nymyndad basalt meetir jarohita og sjo. Par er ad finna breytilegt hitastig sem nalgast
efri mork pess er talid er lifveenlegt. Alpjédlegur rannsoknarleidangur var farinn til
Surtseyjar arid 2017 til ad afla syna med borunum. Kjarnasynum var safnad & mismunandi
dypi &samt vatnssynum og heitri gufu ar sprungum & yfirbordi eyjarinnar. bessi
doktorsritgerd er fyrsta heildsteeda rannsoknin & érverusamfélégum nedanjardar i Surtsey.
Margvislegum adferoum var beitt til ad rannsaka pau einstoku syni sem aflad var.
Markmidid var ad auka pekkingu & samfélégunum og efnaferlunum er pau byggja a.
Samsetning orvera var greind med pvi ad radgreina tegundadkvardandi 16S rRNA gen og
annad erfdaefni sem einangrad var Gr umhverfinu. Ad auki voru bakteristofnar einangradir
og peim lyst og smasjaradferdum beitt. Magn DNA var metid i borkjérnum en samkvaemt
bvi var fjoldi 6rvera aztladur & bilinu 5x10° til 1x10° & gramm. Nidurstddurnar bentu til
pess ad afar litinn lifmassa vaeri ad finna i umhverfinu. Slikt eykur ahrif mengunar sem
getur ordid vid synatokur. bratt fyrir litinn lifmassa eru 6rverusamfélég nedanjardar i
Surtsey mjog fjolbreytt og samanstanda beaedi af bakterium og arkeum. Sumar peirra eru
jadarorverur eda hafa adur greinst i jardvegi og sjo en adrir hopar eru litt pekktir.
Greiningar & ettartengslum og lifshattum benda til pess ad sumar fai orku dr lifrenum
efnum en adrar Ur dlifrenum og tengist hringrdsum brennisteins, kdfnunarefnis og metans.
PG tokst ekki ad stydja pessar nidurstddur med greiningum & umhverfiserfdamengjum.
Fj6lmargar audgunarrektir voru framkveemdar vid 6lik skilyrdi og med mismunandi a&tum.
Um 200 bakteriustofhar voru einangradir. par af voru nokkrar nyjar tegundir og einni
peirra, hitakeeru bakteriunni Rhodothermus bifroesti lyst ad fullu, erféamengi hennar
radgreint og samanburdur gerdur vid tveer pekktar tegundir sému attkvislar. I 1jos kom ad
vid adstedurnar sem notadar voru tokst adeins ad einangra um 2.15% af peim 6rverum
sem kennsl voru borin & med 16S rRNA radgreiningum. Smasjargreiningar & hraunsynum
syndu ymis form sem liktust érverum i samtengdum bléorum i basaltgleri. Nidurstodur
rannséknarinnar i heild bentu til mikils landndms 6rvera i Surtsey & peim 50 arum sem
lidin eru fra goslokum. Orverurnar geetu hafa dreifst fra naleegum vistkerfum og adlagast
umhverfinu i hrauninu. Nidurstédurnar sem lyst er i pessari ritgerd mynda grunn ad
framtidar rannsoknum & orverusamfélogum nedanjardar i Surtsey og framvindu samfara
breyttum adsteedum eins og leekkandi jardhita.
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1 Introduction

1.1 Definition of the Subsurface Biosphere,
Abundance and Limits

The subsurface biosphere, or deep biosphere, is defined as the ecosystems that encompass
the habitable region below the surface of continents and the bottom of the ocean, beneath
the soil and sediments (Magnabosco et al., 2019). The limits of this habitable region
depend on processes such as temperature, pressure, and composition of the system
(Edwards et al., 2012b; Magnabosco et al., 2019).

These ecosystems can extend from a few meters to kilometers into the Earth’s crust. A
recent study revealed the discovery of active microbial communities at depths down to 4.4
km below the surface, indicating the extent of the deep biosphere in continental settings
(Purkamo et al., 2020). The habitable volume of the subsurface was recently estimated to
range from ~2.0 to 2.3 x 10° km®, which is compared to twice the volume of our oceans
(Magnabosco et al., 2019). Over the years, few estimations of the microorganisms
inhabiting the subsurface have been made, mainly because of the technical difficulties to
acquire subsurface samples without contamination. Yet, some evidence suggests that the
subsurface biomass is substantial. In 1998, Whitman and collaborators suggested that the
number of subsurface prokaryotes probably exceeds the numbers found in other biomes
(Whitman et al., 1998). Twenty years later, Bar-On and collaborators published a paper on
the distribution of the biomass on Earth and reiterated that the deep subsurface
environments are the world largest microbial habitat, holding nearly 15% of the total
biomass on Earth (Bar-On et al., 2018).

Number of Prokaryotes

SOILS
~ 3x 10% cells

UNDERGROUND
~ 10*°cells

Subsurface cell concentrations (cells km'z)

OCEANS
~10% cells

ANIMAL GUTS
~10%-10% cells

O <10 M 10'9-102° M 102°-102' M 102'-102 W >102

<1020 [ 1020-102' M 102'-102*5 Il 10215-1022

Figure 1. World map distribution of bacterial and archaeal cells in sub-seafloor sediments and continental
subsurface (left). Relative size comparison of the prokaryotic cell numbers estimated in the subsurface, soils,
oceans, and animal guts (right) (Magnabosco et al., 2019).



These zones, consisting of the continental subsurface, sub-seafloor sediments, and oceanic
crust, host all three domains of life and the genetic diversity could rival the one found on
the surface. The deep biosphere is mainly composed of bacteria and archaea, from which
the great majority belong to the “microbial dark matter” or “rare biosphere”, a term used to
describe the uncultivated microorganisms, yet to be discovered or characterized. The deep
subsurface environments are estimated to contain ~70% of all prokaryotic cells on Earth
(Figure 1) and possibly more than 80% of all bacterial and archaeal species (Magnabosco
etal., 2018).

Subsurface environments are devoid of light, which implies that most bacteria and archaea
on Earth are physically located in environments that exist in permanent darkness. While
the absence of light is not a limiting factor for life, extreme conditions of temperature,
pressure and pH affect the development of these ecosystems, along with the availability of
space, carbon, and energy sources (Orcutt et al., 2011b; Lever et al., 2015a). Discoveries
on extremophiles constantly challenge the bounds of habitability and extend the reach of
potentially habitable environments. The factors controlling and limiting life are far from
being understood, and thus the extent of life remain a major interrogation in the deep
biosphere research.

1.2 Beginning of the Subsurface Biosphere
Research

The earliest studies that attempted to investigate life in the subsurface started in the 1920s
with a team of geologists initially interested in the presence of hydrogen sulfide and
bicarbonates in fluids extracted from oil wells (Bastin et al., 1926). Since their presence
could not be explained only by chemical processes, they suspected that microbes were
responsible for the formation of sulfides, being capable of degrading organic components
of oil as a carbon source and reducing sulfur compounds for energy (Bastin and Greer,
1930). They collected fluids some hundred meters below the surface to investigate this
hypothesis, whereas the conditions of temperature and pressure occurring in the wells were
considered unsuitable to support life at that time. They discovered that cells were present
in the fluids from oil reservoirs and succeeded to cultivate anaerobic sulfate-reducing
bacteria. They also demonstrated that the chemicals were produced by bacteria (Bastin et
al., 1926; Bastin and Greer, 1930). However, due to the sampling procedures, the
provenance of these bacteria, which could have been endemic from the oil reservoirs or
rather contaminants from the surface, was uncertain.

In the 1930s, another research hinted at the existence of subsurface microorganisms with
the investigation of life in deep-sea sediments. Short-length cores (< few meters) were used
to sample sediments, and microorganisms were detected at each sampled depth. A switch
of microbial communities was observed from aerobes to anaerobes with increasing depth
(ZoBell et al., 1936). These early observations demonstrated the existence of life in the
oceanic subsurface and generated speculations on how the energy needed to support this
subsurface biosphere was produced (Zobell, 1938; ZoBell and Morita, 1957).

A few years later, unexpected microbial degradation of organic matter under deep-sea
conditions was observed, when Alvin, a deep-sea submersible, was recovered after
remaining ten months on the seafloor at 1540 m depth below the ocean surface. When the



submersible was finally floated again, scientists discovered that the sandwich left by the
crewmembers was exceptionally well-preserved. The incident of “Alvin and the sandwich”
highlighted the existence of deep-sea microbial communities and their very slow
metabolism (ten to 100 times slower than on the surface) (Jannasch et al., 1971). However,
researchers believed that no life could persist deeper because of the extreme oligotrophic
conditions and again assumed that all the microbes detected at greater depths were
contaminants from the surface. Research into subsurface microbiology was inactive for
decades until 1977 when a team of geologists made an incredible breakthrough toward our
understanding of life on Earth. Diving Alvin, they discovered the first-ever submarine hot
spring on the ocean floor — also called hydrothermal vent — near the Galapagos Rift, at 2.5
km depth below the ocean surface. Corliss and collaborators reported in Science that the
exploration of the vents revealed the existence of unexpected animal communities around
them, that included clams, shrimps, crabs, and tubeworms (Corliss et al., 1979). For a long
time, particulate organic carbon (POC) from the surface primary production and its
sedimentation to greater depths were considered to be the only food source to fuel life in
the dark ocean. Nevertheless, at a depth of 2.5 km, no POC remains to feed the thriving
communities. Thus, if these communities composed of large organisms were isolated from
the sunlight and all surface energy sources, where did the energy needed to support this life
come from? Although the existence of organisms that can synthesize their cell material
from inorganic components was previously reported with the study of the bacteria
Beggiatoa (Winogradsky, 1887), the discovery of communities around hydrothermal vents
dramatically changed scientists’ thinking about life. The discovery brought evidence that
the thriving vent ecosystems were dependent on energy derived from seawater-rock
reactions occurring at high temperatures and chemosynthesis by bacteria, the chemical
oxidation of reduced compounds rather than photosynthesis.

Later, scientists showed that sulfate, which is abundant in seawater, is converted to
hydrogen sulfide as the seawater circulates in the ocean crust, making the warm water
flowing out of the vents enriched in hydrogen sulfide and other reduced inorganic
compounds. Microorganisms use the hydrogen sulfide from the hydrothermal fluids to
support growth, while larger organisms feed on bacteria (Fisher et al., 2007). This deep-sea
food chain was unknown before the discovery of ecosystems that only depend on
chemosynthetic processes to create organic material. It raised many questions in the
scientific community, including the following: Are the ocean vents the only place on Earth
where such life can be found, or do they only represent the examples that were discovered
first? Are other locations, harder to investigate, also sheltering life based on chemical
energy sources?

Thanks to this discovery, investigations into the deep oceanic subsurface biosphere started
involving ocean drilling programs such as the Deep Sea Drilling Project (DSDP) and the
Ocean Drilling Program (ODP), and abundant prokaryotic communities were identified in
deeply buried oceanic sediments, including sulfate-reducing and methane-producing
microorganisms (Oremland and Polcin, 1982; Whelan et al., 1986; Parkes et al., 2000;
D’Hondt et al., 2002). However, the deep continental subsurface biosphere was only
seriously investigated much later than the oceanic subsurface biodiversity. In 1988, a
review was published on the microbial ecology of the terrestrial subsurface by considering
shallow aquifer sediments and groundwater ecology (Ghiorse and Wilson, 1988). Authors
pointed out that numerous studies had previously reported the existence of microorganisms
in terrestrial subsurface environments, but microbial ecologists of the time had not thought



seriously about them due to the risks of contamination. To control the main sources of
microbiological contamination during sampling, the development of tracers (chemical or
other substances placed in or around the borehole to measure fluid movement in injection
wells) was a key to providing the credibility needed by the scientific community for studies
of life in subsurface environments (Kieft, 2010).

After decades of pieces of evidence and speculations, an astrophysicist published the
pioneer paper “The deep, hot biosphere”, where it was suggested for the first time that
microbial life is widespread through Earth’s subsurface (Gold, 1992). Based on Corliss’s
discovery, Gold hypothesized that this subsurface life, inhabiting the pore spaces between
grains of rocks at depth in the crust of the Earth, is also supported by chemical sources
rather than depending on the energy of the sun and photosynthesis. He speculated that the
energy and nutrients needed to fuel the subsurface life are delivered by fluid circulation
through the rock, which contains oxidized and reduced minerals. Furthermore, he
suggested that the extent of this life, which is likely to be all microbial because of the lack
of space that could not shelter larger life forms, is comparable in mass and volume to the
life on the surface, and likely extends kilometers down below the surface, if the
temperature permits. He also pointed out the possibility that life could be found on the
inside of other planets.

The question of whether subsurface microorganisms exist and the range of their activity
was well addressed when the U.S. Department of Energy (DOE) tried to find a way to bury
nuclear waste safely in the ground. They hypothesized that if microorganisms were present
in the subsurface, they could either be very beneficial by degrading organic pollutants or
highly inconvenient by breaching the closed chamber containing radioactive waste. To
search for deep life and study its activity, they formed the “Subsurface Science Program”
where subsurface contamination problems were addressed among other challenges, and
numerous new techniques were developed to facilitate the collection of sterile samples
from deep cores. In 1987, the initial investigation included three drilled boreholes at the
Savannah River Plant in South Carolina where scientists applied procedures to avoid
microbial contamination from the surface such as processing only the inside portions of the
cores (Fliermans and Balkwill, 1989; Phelps et al., 1989; Lehman et al., 1995). The
investigations confirmed the existence of subsurface microorganisms and established that
they are abundant and diverse at least 500 meters below the surface, the depth of the last
core extracted from the boreholes (Fredrickson and Onstott, 1996). Since then, numerous
additional studies have undoubtedly demonstrate the great microbial diversity occurring in
both the oceanic and the continental subsurface, and nowadays, life in these environments
is globally considered ubiquitous and to represent a significant portion of the Earth’s
biomass.

1.3 Habitat Diversity

Remarkably, deep ecosystems are extremely diverse (Figure 2) and strongly differ from
each other in terms of physicochemical characteristics (Edwards et al., 2012b; Lang et al.,
2019).



ICE SHEETS

- FRACKING SITES

SUBGLACIAL CO; INJECTION

A GROUNDWATER
AND DEEP AQUIFERS

DEEP COAL BEDS

DEEP BEDROCK e )
OIL/HYDROCARBON ' METHANE SEEPS SEDIMENTED

HYDROTHERMAL
RESERVOIRS RIDGE FLANKS :

SUBDUCTION ZONES

AXIAL BASALT ABYSSAL
HOSTED PLAINS

Figure 2. Deep biosphere locations on the continents and in the ocean (Lang et al., 2019).

1.3.1 Continental Crust Biosphere

Only a few drilling projects considering microbiology have sampled the continental
subsurface because of the high cost and difficulties of the operations (Zhang et al., 2005;
Fernandez-Remolar et al., 2008). Instead, many researchers have sampled fluids through
“windows” to access deep continental biomes such as wells (Stevens and McKinley, 1995;
Chapelle et al., 2002), springs (Suzuki et al., 2013; Magnabosco et al., 2014; Probst et al.,
2014), underground research facilities (Murakami et al., 2002; Momper et al., 2017a; b)
and deep mines (Onstott et al., 2003; Sahl et al., 2008). However, those “artificial
windows” are disturbed by human activities and thus, the microbial communities may not
be representative of the indigenous microbial populations of the subsurface. Today,
samples can be extracted at great depths from the continental crust e.g., down to 4.4 km
depth (Purkamo et al., 2020), thanks to advances in drilling methodologies and by
minimizing and quantifying contamination by using tracers (Kieft, 2010). Numerous
studies have clearly shown that there is a great microbial diversity in continental
subsurface environments including groundwater and deep aquifers, oil and gas reservoirs,
deep bedrock, and subglacial ecosystems (Figure 2).

The continental deep subsurface is mainly composed of granitic rocks that are formed by
the cooling of magma, resulting in the total absence of organic matter at an early stage.
These environments are characterized by the absence of sunlight and oxygen and by an
elevation of temperature and pressure with depth (Kieft, 2016). The nature of these
biospheres is influenced by the geochemistry of groundwater and hydrogeology. The
number of microorganisms living in these environments and their activities are controlled
by nutrient and water accessibility (Jones and Bennett, 2017; Rempfert et al., 2017). They
also depend on the hydrological flow paths or connectivity with the surrounding
environment (e.g., transfer of matter, energy, and/or organisms through water flow), and
the rock porosity (e.g., high porosity, the higher water flow and larger physical space for
microbial colonization) (Fredrickson and Onstott, 1996; Pedersen, 2000). Continental
subsurface environments can be divided between sedimentary and crystalline host rocks
even though variations widely occur within and among them (Lang et al., 2019). For
instance, radical differences in microbial communities can be observed at different depths
of the same borehole (Dutta et al., 2019), which is due to the geological and
physicochemical heterogeneity of the studied systems, as well as the origin and
composition of the water. Studies suggest that heterotrophic processes dominate in
sedimentary systems whereas autotrophic processes are more abundant within crystalline
and deep rock aquifers. However, this is not always the case (Stevens, 1997; Fredrickson
and Balkwill, 2006).



Most of the studies on the continental deep subsurface biosphere have shown that the
number of microorganisms and their diversity decrease with depth (Moser et al., 2005;
Cockell et al., 2012; Mcmahon and Parnell, 2014), with one exception (Itdvaara et al.,
2011). Since these biomes greatly differ among study sites, it is not clear what are the most
common microbial groups found in these environments. Usually, bacteria are more
abundant and diverse than archaea (Takai et al., 2001; Cockell et al., 2012; Ino et al.,
2016; Lau et al., 2016; Rempfert et al., 2017). Proteobacteria, Actinobacteria,
Bacteroidetes, and, mainly Firmicutes are often reported in the continental subsurface
(Onstott et al., 2003; Moser et al., 2005; Zhang et al., 2005; Lin et al., 2006; Dong et al.,
2014). Some other bacterial taxa are also detected with less abundance including
Deinococcus-Thermus, Nitrospirae, Acidobacteria, and Chloroflexi. Cyanobacteria are
often detected in the continental subsurface even though they have the potential to carry
out photosynthetic metabolism (Onstott et al., 2003; Zhang et al., 2005; Bomberg et al.,
2014; Purkamo et al., 2014; Ino et al., 2016; Rempfert et al., 2017). Overall, the archaeal
phylum Crenarchaeota seems to be more abundant in the upper layers of the subsurface
while Euryarchaeota seems more common in deeper layers (Takai et al., 2001; Zhao et al.,
2006; Nyyssonen et al., 2014; Dutta et al., 2019). Methanogens are recurrently detected in
most of the analyzed subsurface environments (Moser et al., 2005; Probst et al., 2014;
Purkamo et al., 2014, 2016; Rempfert et al., 2017).

One of the main interest of the study of life in the deep subsurface is the origin of energy
needed to sustain it. Does the energy source come from the subsurface itself or rather
depend partly on photosynthesis? In the continental subsurface, oxygen is rapidly
consumed and both autotrophic and heterotrophic anaerobic metabolisms are dominant.
Chemolithoautotrophic microorganisms that can use hydrogen (abiotically produced) as an
electron donor were detected (Stevens and McKinley, 1995; Stevens, 1997; Pedersen,
2000), as well as other lithotrophs that can use reduced sulfur compounds (Amend and
Teske, 2005; Gihring et al., 2006; Osburn et al., 2014; Lau et al., 2016), iron (Emerson et
al., 2007; Sahl et al., 2008; Swanner and Templeton, 2011; Shelobolina et al., 2012; Heim
et al., 2017) and nitrogen (Swanner and Templeton, 2011; Nyyssonen et al., 2014; Lau et
al., 2016). Early studies on the microorganisms inhabiting the subsurface biomes focused
on culture-based measurements of activity (Onstott et al., 1999), and on large collections
of clone libraries from amplified regions of the 16S rRNA gene (Fredrickson and Balkwill,
2006; Gihring et al., 2006). Thanks to the development of next-generation sequencing
(NGS) technologies, researchers are exploring further the taxonomic and functional
profiles of organisms residing in the continental subsurface by 16S rRNA gene amplicon-
and shotgun metagenomic sequencing. Such techniques provide a higher depth resolution
of the repertoire of the electron acceptors and donors biologically available in these
environments. Remarkably, the first metagenome from a deep continental habitat was
obtained by extracting DNA from the fluid of a gas-filled fracture 2.8 km beneath Earth's
surface in a Gold Mine in South Africa (Chivian et al., 2008). In this study, the authors
revealed that the bacterium Candidatus Desulforudis audaxviator composed 99.9% of the
microorganisms inhabiting the fluid, forming a single-species ecosystem. The thermophilic
and strictly anaerobic Firmicute is a sulfate-reducing chemoautotroph, capable of fixing
nitrogen and carbon. Yet, the diversity of microbial metabolisms detected in the deep
continental subsurface is just starting to be understood (Purkamo et al., 2014, 2020;
Anantharaman et al., 2016; Momper et al., 2017a).



1.3.2 Oceanic Crust Biosphere

Marine subsurface environments are considerably diverse and can be divided into the
oceanic sedimentary subsurface (subseafloor sediments) and the rocky subsurface (e.g.,
oceanic crust, ultra-basic sites, submarine volcanoes, axial seamounts) (Figure 2).

Since the deep subseafloor basement is equally difficult to sample as the continental
subsurface, most microbial surveys on the oceanic subsurface have focused on subseafloor
sediments (Cragg and Parkes, 1994; Parkes et al., 2000; D’Hondt et al., 2004, 2019z;
Kallmeyer et al., 2012; Inagaki et al., 2015; Wormer et al., 2019). In deeply buried
sediments sampled through scientific drilling programs such as the International Ocean
Discovery Program (IODP), the discovered bacteria and archaea are capable of
heterotrophic metabolisms, sulfate reduction, and methanogenesis, among other
metabolisms. As in a continental subsurface environment, the distribution of
microorganisms is heterogeneous in the deep-sea sediments and their numbers decrease
significantly with depth (Ciobanu et al., 2014). Metabolic rates appeared to be extremely
slow (D’Hondt et al., 2002; Biddle et al., 2012; Orcutt et al., 2013a; Lever et al., 20153;
Braun et al., 2017; Volpi et al., 2017; Reese et al., 2018). As they are compact and thus not
very permeable, marine subsurface sediments represent an inhospitable ecosystem. The
deep-sea sediments are sometimes described as inhabited by microorganisms in a
zombielike state, that are racing to their death as cells are buried deeper and deeper in the
sediments over time. The energy and available nutrients become increasingly rare and the
metabolic rates are extremely low (Starnawski et al., 2017). However, despite the energy
limitation, cells can survive and be active for millions of years at thousands of meters in
the sediments (Morono et al., 2011; Orsi et al., 2013; Inagaki et al., 2015; Jorgensen and
Marshall, 2016). While the deeply buried sediments can be viewed as energetic deserts,
geochemical transition zones might represent oases of microbial life (Zhao et al., 2020).
These zones correspond to a redox potential discontinuity layer that marks the transition
from oxidizing to reducing conditions in the sediments, where reduced and oxidized
chemical compounds converge. This is correlated with an increase in available energy
from redox reactions that can be harvested by microbial cells through specific metabolic
pathways. These include the sulfate—-methane transition zones (lversen and Jorgensen,
1985; Parkes et al., 2005), nitrate—ammonium transition zones (Zhao et al., 2020) and the
oxic—anoxic transition zones (Zhao et al., 2019). The increased energy supply in transition
zones allows starved cells to revive and grow locally. Yet, the biosphere in deeply buried
sediments is still under investigation and many discoveries are about to be made.

Despite over 50 years of deep-sea drilling, less is known about the microbial diversity of
the oceanic crust because it is also a heterogeneous environment and it is even more
difficult to access. The upper layer of the igneous oceanic crust is mainly composed of
porous and permeable basaltic lava (Edwards et al., 2005). It is continuously created at
mid-ocean ridges by eruptions of lava and its solidification occurs by contact with the cold
seawater. The oceanic crust encompasses not just the host rocks, but the fluids that
circulate vigorously through them (Furnes and Staudigel, 1999; Edwards et al., 2005;
Orcutt et al., 2011b). Basalt-seawater reactions occur at high temperatures and produce
highly reduced, metal-rich fluids that are in disequilibrium with the surrounding seawater.
These spontaneous oxidation-reduction reactions cause the weathering of basalts altering
significantly the oceanic crust and provide potential energy sources that allow
chemolithotrophic foundation for basalt-hosted biomes (e.g., through Fe and S oxidation)
(Bach and Edwards, 2003; Amend and Teske, 2005; Staudigel et al., 2008; Santelli et al.,



2009). A distinction can be made between the warm, anoxic basement (vigorous
circulation of highly reduced fluids and high temperature) and the cold, oxic basement
(passive circulation, <20°C).

Subseafloor borehole observatories, or CORKs (Circulation Obviation Retrofit Kit
observatories), were installed in the subseafloor basement to collect and study the fluid
circulation in the oceanic crust (Davis et al., 1992; Becker and Davis, 2005; Wheat et al.,
2011). The first investigation of the crustal biosphere was conducted on fluids (~65°C)
extracted hundreds of meters below the seafloor through a CORK observatory located in
the 3.5 million-year-old ocean crust at the Juan de Fuca Ridge (JAFR) flank (Cowen et al.,
2003). In this pioneer publication, the authors gave the first confirmation of microbial life
in the deep marine igneous basement. Using 16S rRNA gene cloning and sequencing, they
revealed the presence of diverse thermophilic bacteria and archaea capable of nitrate and
sulfate reduction, as well as heterotrophic fermentation. They also discovered a Firmicute
lineage that was later found to be closely related to the terrestrial subsurface lineage
Candidatus Desulforudis audaxviator (Chivian et al., 2008; Jungbluth et al., 2017). A
decade after that, a study at JOFR flank revealed a temporal dynamic of this biosphere
showing significant variation in microbial community structure of the fluids over three
years of sampling (Jungbluth et al., 2013). Studies on the rocky basement of JdFR flank
identified bacteria and archaea involved in methane- and sulfur-cycling (Lever et al.,
2013), as well as iron- and nitrogen-cycling (Orcutt et al., 2011a; Smith et al., 2011).
Using 16S rRNA gene amplicon sequencing, lineages such as Archaeoglobi,
Aminicenantes, and Acetothermia were discovered in the crustal fluids recovered from
these CORKSs observatories (Robador et al., 2015), and their presence was later confirmed
by metagenome sequencing and genome binning (Jungbluth et al., 2017). CORKs
observatories were also installed in other places in the world. For example, one is located
on the Costa Rica ridge flank and allowed the study of the warm and anoxic basement crust
in another location. The microbial communities detected there were different than the one
at JAFR flank, and revealed lineages of sulfur-oxidizing bacteria (Nigro et al., 2012).

It has been shown that a large portion of the oceanic crust is oxic, due to seafloor
hydrothermal circulation refilling oxygen at depth (Ray et al., 2012; Ziebis et al., 2012;
Orcutt et al., 2013b; Braun et al., 2017). Several CORKSs observatories were installed on
the western flank of the Mid-Atlantic Ridge, at North Pond, where the ocean crust is
colder, still relatively young (~8 Ma), and oxygenated (Edwards et al., 2012a). The
microbial communities were dominated by the bacterial phylum Proteobacteria and were
involved in both heterotrophic and autotrophic metabolisms (Meyer et al., 2016). A study
revealed that the microbial communities detected in the subsurface oceanic crust in the
young and cool ridge flank system of North Pond were closely intertwined with the
microorganisms inhabiting the overlying sediments (Jgrgensen and Zhao, 2016). In
addition, members of these microbial communities could use hypoxic or anoxic conditions
(Tully et al., 2018).

Overall, diverse microbial communities from crustal environments have been detected with
a large range of bacterial phyla. This includes, for example, the presence of
Deltaproteobacteria, Firmicutes, Gammaproteobacteria, and Bacteroidetes in the JAFR
and the Costa Rica Rift (Nigro et al., 2012; Jungbluth et al., 2013, 2014), or dominance of
Gammaproteobacteria and Alphaproteobacteria in seafloor basaltic glass from the East
Pacific Rise (Santelli et al., 2008, 2009), the Arctic spreading ridges (Lysnes et al., 2004),
altered basalts from the Hawaiian Loihi Seamount (Templeton et al., 2005; Santelli et al.,



2008; Jacobson Meyers et al., 2014) and the Mid-Atlantic Ridge (Rathsack et al., 2009;
Mason et al., 2010).

After many drillings and comparisons between the warm/anoxic and cold/oxic oceanic
crust, it seems that Alpha- and Gammaproteobacteria are more often detected in cold
basaltic habitats (<10°C) that are exposed to oxic seawater, while microorganisms
involved in sulfate reduction are more often detected in the warm and anoxic crust (Orcutt
et al., 2020). In addition, the comparison of biomes hosted in young (<~3 Ma) and old (80
Ma) oceanic crust revealed a significant correlation between microbial community and
basalt age. Microbial diversity increases with the age of the basalt (Orcutt et al., 2020).
Moreover, the community composition detected in old basalt converges towards similar
profiles over time (Lee et al., 2015) in comparison with the great differences observed
between young basaltic crusts.

Other types of marine subsurface environments exist, such as ultra-basic sites, submarine
volcanos and seamounts. Ultra-basic sites, such as Lost City hydrothermal field (LCHF)
and Prony, are influenced by marine serpentinization, a geochemical process that produces
fluids with a very high pH by the reaction on minerals within the rocks and seawater
(Charlou et al., 2002; Schrenk et al., 2013; Lecoeuvre et al., 2021). It abiotically produces
hydrogen, methane, and small-chain hydrocarbons, which can be used as energy for
microbial metabolisms. Differences in microbial diversity have been shown between the
actively and inactively venting carbonate chimneys of LCHF (Schrenk et al., 2004;
Brazelton et al., 2006). While the active ones are dominated by methane-cycling archaea in
their anoxic interior and by methanotrophic and sulfur-oxidizing bacteria in the exterior,
inactive chimneys are much more diverse (Brazelton et al., 2010). The chimney from
Prony also exhibits diverse microbial communities, which are dominated by Firmicutes,
Euryarchaeota (Methanosarcinales), and Chloroflexi (Quéméneur et al., 2014; Postec et
al., 2015). On the contrary, submarine volcanos such as the Suiyo and seamounts emit
fluids with a high concentration of H,S with a pH lower than the seawater. Microbial
communities from these volcanos often involved sulfur-oxidizing Epsilonbacteraeota
(Higashi et al., 2004; Opatkiewicz et al., 2009). However, more microbial surveys on
different locations and crustal types are needed to globally understand the oceanic crust
biosphere.

1.4 Subsurface Microbial Metabolisms

Most microorganisms obtain their energy from nutrients they absorb from the environment.
After entering the cell, the nutrients are chemically processed to be transformed into
energy. This involves a series of chemical reactions, called the metabolic pathway, where
large molecules are broken down into smaller molecules that can be used for the synthesis
of new cellular components and the production of energy in the form of ATP. The
metabolism is the sum of all the chemical reactions that occur in the living organism and
all life forms require a source of energy for growth, repair, and maintenance of the
chemical and physiological processes. Anabolic reactions of the metabolism use ATP for
the synthesis of large molecules from smaller constituents, while catabolic reactions break
down those large molecules into smaller ones enabling the production of energy.
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Microorganisms are categorized based on how they obtain energy and carbon from the
environment. Heterotrophic and autotropic microorganisms can be distinguished according
to their source of carbon which can be of organic or inorganic origin (carbon dioxide,
CO,). They are called chemotrophs or phototrophs if the energy comes from a chemical
source or the sunlight, respectively. Therefore, we count chemoautotrophs (e.g., hydrogen-,
sulfur-, iron-, nitrogen-, and carbon monoxide-oxidizing bacteria), chemoheterotrophs (all
animals, most fungi, protozoa, and bacteria), photoautotrophs (plants, algae, cyanobacteria,
and green and purple sulfur bacteria), and photoheterotrophs (green and purple non-sulfur
bacteria and heliobacteria) based on this classification by energy and carbon sources. In
addition, a distinction is made within the chemotrophs according to the nature of the
electron donors that can be from organic (chemoorganotrophs) or inorganic
(chemolithotrophs) sources.

Catabolic metabolism includes respiration and fermentation. Respiration uses an electron
donor (reducing agent) and an electron acceptor (oxidant). The transfer of electrons creates
a gradient of protons that powers the synthesis of ATP through the oxidative
phosphorylation of the ADP. This process called chemiosmaosis is performed by the action
of a large enzyme called ATP synthase. Through respiration, microorganisms can use
many inorganic compounds as electron acceptors (oxygen, Oo; sulfate, SO, nitrate, NO*:
etc.). When O, is used as the electron acceptor, microorganisms are aerobic and when they
use another type of electron acceptor they are anaerobic. The O, is an oxidizing agent with
high energy, making this molecule a good electron acceptor. However, other molecules
such as SO,*, NO® or sulfur, S, as terminal electron acceptors have less potential for
reduction thereby releasing less energy, which makes the anaerobic respiration less
efficient than aerobic respiration. Microorganisms use these redox reactions for the
acquisition of their energy. Since the energy released changes depending on the redox
reaction, some metabolic pathways are more or less energetic than others (Amend and
Shock, 2001; McCollom and Amend, 2005; LaRowe and Amend, 2015). Fermentation is
an alternative metabolism to respiration, occurring in absence of O,. Fermentation and
respiration start in the same way while during fermentation, the electron transport chain is
not functional due to the absence of O, and therefore the energy is not released. Instead,
ATP is generated by substrate-level phosphorylation, a reaction that transfers a phosphate
group from a substrate directly to ADP. Fermentation breaks down organic molecules into
lactate (lactic acid fermentation) or alcohol (alcohol fermentation) to produce energy.
During fermentation, ATP is produced by a process that is less energetic than the oxidative
phosphorylation associated with respiration. In general, aerobic metabolisms require more
energy for the fixation of carbon.

Although the subsurface is a heterogeneous environment in terms of physical and chemical
conditions, some themes are common, such as the absence of light and consequently the
complete absence or rare occurrence of light-derived biomass and the insufficiency of
nutrients (Hoehler and Jagrgensen, 2013; Lever et al., 2015a). Contrary to the deep-sea
sediments, the crust is a porous and permeable environment (Magnabosco et al., 2019).
Seawater or meteoric water circulates in and out of the crust through the cracks and
fissures, where it undergoes fluid-rock reactions with silicates and other minerals in the
rock, changing the chemical content of the fluid over time and creating redox gradients.
The oxygenated seawater mixes with reduced hydrothermal fluids or minerals, which
create chemical disequilibria that microorganisms can exploit for metabolic energy and
biomass production (McCollom and Shock, 1997; Orcutt et al., 2011b; Edwards et al.,
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2012c). These reactions need to free enough energy for the cell to synthesize ATP (Amend
and Shock, 2001; McCollom and Amend, 2005; LaRowe and Amend, 2015).

In oxic subsurface environments such as the oxic oceanic crust, seawater circulation brings
energetic oxidants such as O, and NO3" that are consumed in the deeper levels (D’Hondt et
al., 2015). Less energetic oxidizing compounds such as CO, and SO, are found in greater
abundance in the deep subsurface, influencing the metabolisms of the microbial
communities involved. In hydrothermal vents or fractured rock aquifers such as the
permeable oceanic crust, oxidized water mix with reduced subsurface fluids (Campbell et
al. 2013; Meyer et al. 2016; Zinke et al. 2018; Dick 2019; Lang et al. 2019). In these
environments, chemolithoautotrophs could be the foundation of ecosystem development,
producing complex organic molecules and giving a source of energy and carbon to sustain
chemoheterotrophs (Edwards et al., 2012b). Whereas heterotrophs can also use dissolved
organic carbon (DOC) transported from the surface in addition to the one produced in situ,
chemolithoautotrophs fix dissolved inorganic carbon (DIC), such as CO,, bicarbonate;
HCO® and carbonate ion; COs*". Hydrogen-driven Subsurface Lithoautotrophic Microbial
Ecosystems (SLIMESs) often inhabit oligotrophic subsurface environments (Stevens and
McKinley, 1995). The electron donor and electron acceptor will be derived from an abiotic
geochemical source (Andreani and Ménez, 2019). These ecosystems, fuelled by H,, can
support the occurrence of acetogens, autotrophic methanogens, and sulfate reducers (Lin et
al., 1961; Lever et al., 2013; Magnabosco et al., 2016). In those oligotrophic
environments, the subsurface inhabitants with diverse functional traits cooperate to
maximize the energy yield and growth because of the limitation of available nutrients and
energy substrates (Biebl and Pfennig, 1978; Morris et al., 2013). These trophic
relationships and energy flow between and among the members of an ecosystem, allowing
a syntrophic partnership, are based on obligate mutualistic metabolisms that benefit both
partners (Morris et al., 2013). For example, in deep sediments, anaerobic methanotrophic
archaea are in syntrophic partnership with sulfate-reducing bacteria (Skennerton et al.,
2017). The anaerobic oxidation of the methane, CH,, by the archaea constitutes the
primary mechanism for methane removal in ocean sediments (Skennerton et al., 2017) and
has a significant ecological impact on a large diversity of biogeochemical cycles
(Anantharaman et al., 2016; Lau et al., 2016). Indeed, through their metabolism, by
degrading or synthesizing molecules to produce energy and biomass, microorganisms
interact with their environment and influence it, perhaps even controlling elemental cycles
on a global scale (LaRowe and Amend, 2015). The microbial activity in the subsurface can
change the fluid's geochemical composition (Wankel et al. 2011, 2012), for example by
increasing the concentration of CH, or decreasing the concentration of H,S (Butterfield et
al., 2004; Proskurowski et al., 2008). It can also change the degree of rock alteration
(Ménez et al. 2018b), generating a cascade effect by having an impact on the fluid
circulation and therefore on the microbial communities.

Although subsurface microbial activity potentially has a massive impact on the global
biogeochemical cycles, the diversity of microbial metabolisms in the subsurface remains
largely unknown. Many efforts are still needed to understand the global impact. And to do
so, it is of fundamental importance to cultivate more microorganisms that are involved in
these processes to describe their metabolisms and the different energy and carbon sources
they require.
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1.5 Influence of the Physico-Chemical Factors

The hypothesis “everything is everywhere, but, the environment selects” was first
published in 1934 (Baas-Becking, 1934). While “everything is everywhere” indicates that
microorganisms have a remarkable potential for dispersion, “the environment selects”
implies that only some of them are adapted to thrive and proliferate in a specific
environment. For a long time, microbial communities were assumed to have unlimited
dispersal capacities throughout all environments. Currently, it is largely considered that
even generalist microbial species may not be so widespread and tolerant when their
habitats are considered. Although the “everything is everywhere” assumption is not
correct, it has been used over the century as a null hypothesis offering valuable insights
into microbial biogeography, evolution, and ecology. The second assumption implies that
the ecological range of microbial life is constrained by the environment. Physical and
chemical conditions of the environment control the establishment, abundance, diversity,
and evolution of the microbial communities (Magnabosco et al., 2019). Consequently,
their physiology and metabolisms must be adapted to these environmental conditions. In
subsurface environments, the physico-chemical conditions such as temperature, pressure,
pH, and salinity are not homogeneous, continuously changing over time, and are
sometimes extreme (Figure 3). Studying the correlation between these environmental
factors and subsurface life has proven difficult to quantify, partly due to the lack of data
and the problem of measuring environmental variables at appropriate resolutions. Only a
few studies include subsurface samples near these extremes and the adaptation strategies of
subsurface microbial communities remain poorly studied (Magnabosco et al. 2019).

Microorganisms

abundance

DEEP LIFE

=" Environmental factor (T, P, pH, etc) s

Figure 3. Distribution of the microbial abundance across subsurface habitats, which depends on
environmental factors.The green color corresponds to the habitable region of the subsurface, while the red
corresponds to the uninhabitable. The distribution of the subsurface life is represented by the overlap of the
two curves (Magnabosco et al., 2019).

Physical extremes such as high pressure as well as small particle sizes (~1 pm) of the rocks
can be a limit to life in the subsurface environment (Fredrickson et al., 1997). For example,
the low porosity limits the physical space and fluid movement needed for the establishment
and dissemination of microorganisms, also limiting the transport of nutrients (Kieft et al.,
1998; Zhang et al., 1998; Rebata-Landa and Santamarina, 2006). As subsurface
microorganisms face extreme environmental conditions, cell abundance decreases with
depth (Cockell et al., 2012; Mcmahon and Parnell, 2014). The subsurface environments
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hold possibly more than 80% of all bacterial and archaeal species on Earth (Magnabosco et
al., 2018), thus most of the prokaryotes live under high-pressure conditions. Therefore, the
distribution of life in the subsurface must be constrained by pressure. Although some well-
adapted surface microorganisms are capable to grow under high-pressure conditions
(piezotolerant), most of them deteriorate in these conditions. Likewise, metabolically
active microorganisms isolated from pressurized subsurface environments often show
optimal growth at high pressure but are incapable of growth at the surface, under ambient
pressure conditions (strict piezophiles) (Cario et al., 2019). The most piezophilic
microorganism known to date was isolated from the deep marine environment, with
optimum growth at a pressure of 120 MPa (Kusube et al., 2017). Although the very limited
number of piezophilic microorganisms observed by culture-independent techniques fails to
represent the high diversity inhabiting subsurface ecosystems, different adaptation
strategies to live under elevated pressure conditions were identified (Bartlett, 2002; Abe,
2007; Oger and Jebbar, 2010). These include biochemical modifications in the cell wall
and membrane composition (Cario et al., 2015) and specific high-pressure gene
expressions (Vannier et al., 2015; Michoud and Jebbar, 2016). Therefore, it is unlikely that
microbial life in the subsurface is limited by pressure since cells have been shown to thrive
at pressures far higher than those encountered in the Earth's habitable crust (Sharma et al.,
2002). High pressure comes often in addition to other stress factors such as temperature.

In the subsurface, geothermal gradients can be extreme and the variation of temperature
can occur within centimeters. The temperature increases with depth, as a function of the
local heat flux and thermal conductivity. It can exceed the presumed upper-temperature
limit for a functional life, which is currently at 122°C for laboratory-grown strains (Takali
et al., 2008). Thus, our current understanding of the extent of the subsurface biosphere is
limited to depths shallower than a theoretical ~120°C isotherm estimated at around 17 km
(Colwell and Smith, 2004). Since the upper-temperature limit of microbial communities in
their environment is still unknown (Amend and Teske, 2005; Magnabosco et al., 2019),
this theoretical depth at 17 km might change if microorganisms that can grow beyond this
temperature are discovered. Furthermore, geothermal gradients in the subsurface are
extremely variable over the globe and thus the theoretical ~120°C isotherm depth greatly
varies by location. For instance, the temperature at geothermal active sites near the surface
(e.g., hot springs, hydrothermal vents, rift zones) can be high enough to limit the growth of
microorganisms. At the same time in other locations (e.g., at subduction zones), the
temperature can decrease very slowly with depth, increasing the theoretical ~120°C
isotherm depth to much deeper. Nevertheless, numerous studies show that cell abundance
and temperature are negatively correlated in subsurface environments, the more the
temperature increases the fewer cells are detected. This brings evidence that temperature is
a determining factor for the structure and diversity of subsurface microbial communities
(Baquiran et al., 2016; Ramirez et al., 2019). Adaptation strategies to elevated temperature
include the stability of protein structures (Cacciapuoti et al., 2004), genome reduction and
gene loss (Burra et al., 2010).

Many of the physical and chemical extremes that influence and limit life are still poorly
studied in subsurface environments. In addition to space, nutrients, and temperature, other
of these extremes may be permissive for growth. As with the temperature, large gradients
of pH can be observed in the subsurface and this heterogeneity can be observed at the
global scale as well as at the microscale (um—cm). It can also change over time and
influence the biochemistry of the microbial communities (Fones et al., 2019). For example,
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fluid-rock interactions influence the solubility of minerals, impacting the pH and the
availability of nutrients and energy sources (Jin and Kirk, 2018). The archaeon
Aciduliprofundum boonei, isolated from hydrothermal fluids, owns the record of growth at
the lowest pH (pH 3.3) for a subsurface isolate (Reysenbach et al., 2006). In comparison,
the highest pH of 12.5 was observed for the bacterium Serpentinomonas sp. B1, isolated
from a continental serpentinizing site (Suzuki et al., 2014). Despite this, the pH limits for
subsurface life in the environment is still unknown. Although some microorganisms or
microbial communities can thrive at extreme pHs (Takai et al., 2005; Blank et al., 2009),
no studies show that subsurface microbial life is limited by pH as the sole stressor.
Maintaining a cytoplasmic pH lower than the outside pH, for example, is an adaptation
strategy to high pH.

As another chemical extreme, the salinity can be a limiting factor for subsurface microbial
life due to the high energetic costs related to osmotic adaptation (Boetius and Joye, 2009),
the limitation of available water (Stevenson et al., 2015), and the chaotropicity affecting
the structure of the molecules (Hallsworth et al., 2007; Magnabosco et al., 2019). High salt
concentrations can be found in some subsurface environments such as in the deep sea,
where halophilic microorganisms were isolated (Antunes et al., 2008). However, some
studies showed that a high concentration of dissolved ions such as magnesium and chloride
can inhibit microbial growth (e.g., evaporites in deep mine (Payler et al., 2019).

In addition, the redox conditions of the environment can greatly influence the diversity of
subsurface microbial communities (Ramirez-Flandes et al., 2019). Oxygen is most often
lacking in subsurface environments (except the oxic oceanic crust) and its presence is a
limiting factor for some microorganisms. Indeed, strict anaerobic microorganisms are
unable to grow in the presence of oxygen. However, adaptation strategies exist to
overcome the variation of redox conditions in the subsurface, including the formation of
biofilms (Flemming and Wuertz, 2019). Production of extracellular polymeric substances
(EPS) around the cells could protect them from the variation in oxygen concentrations
from the outside, creating an anoxic micro-environment for optimal carbon fixation
(Stokke et al., 2015; Meier et al., 2017). It has been shown that a significant difference
exists between the microbial communities detected in rock-attached biofilms and the ones
that inhabit the circulating fluids within the oceanic crust (Ramirez et al., 2019). Finally, it
has been shown that the minerals present in the rock could influence the structure of the
microbial communities in the oceanic crust (Toner et al., 2013; Smith et al., 2017).
However, this has been contradicted by studies suggesting that temperature and/or redox
conditions have a much more structuring influence on the communities than minerals
(Baquiran et al., 2016; Ramirez et al., 2019). The limits and boundaries of life as we know
could change anytime with discoveries of still unknown microorganisms and new
microbial adaption strategies.
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1.6 Study Site: The Surtsey Volcano Geothermal
System

1.6.1 Location, Formation and Protection

Surtsey is a volcanic island formed by 3.5 years of basaltic eruptions between November
14", 1963 and June 5", 1967. The Surtsey eruption is one of Iceland's longest eruptions in
recorded history. Surtsey, or Surt's island, is named after Surt, a fire giant in Norse
mythology, “ey” meaning “island” in Icelandic. It is part of the Vestmannaeyjar (Vestmann
Islands) archipelago (63°18'10.8'N; 20°36'16.9'W), a volcanic system within the southern
offshore extension of Iceland’s Eastern Volcanic Zone (Figure 4). The island is located 32
kilometers from Iceland's south coast (Thorarinsson et al., 1964).

Figure 4. Location of Surtsey island on the southern offshore extension of Iceland’s Eastern Volcanic Zone
(illustrated in orange).

The ocean depth was 130 m below sea level before the eruption. At the end of the eruption,
in June 1967, Surtsey had a surface area of 2.65 km?, and its highest point was 174 meters
above sea level. The entire erupted volume was roughly 1 km® (Schipper et al., 2015).
Explosive eruptions followed by basaltic lava flows were extremely well documented, and
this occurrence constituted a new form of volcanic eruption (Thorarinsson et al., 1964;
Thorarinsson and Pdérarinsson, 1965; Kokelaar, 1983). Surtseyan volcanism is a kind of
shallow subaqueous explosive volcanism in which magma-water interaction has a
significant impact on plume and fragmentation dynamics, resulting in characteristic steam-
rich tephra jets and fine-grained deposits (Walker, 1973). As the volcanic ash from which
they are created quickly solidifies into a hard rock known as 'tuff,’ they pile around the
crater to form a cone known as a 'tuff cone.' The Surtsey eruptions formed two
semicircular-shaped tephra cones and two half lava shields formed, one in the Surtungur
cone and the other in the Surtur cone (Figure 5). In 2020, the island has eroded to less than
1.2 km? and a height of 150 m above sea level due to sea erosion (Baldursson & Ingadéttir,
2007; Oskarsson et al., 2020).
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Figure 5. Geological map of Surtsey (Baldursson & Ingadéttir, 2007). Colors refer to basaltic rock
compositions and time of formation.

The island has been protected since the initiation of eruptive activity and, since then, has
been accessible only to scientific investigations. Long-term longitudinal studies have
provided a unique record of pioneering species of microorganisms, plants and animals
colonizing the surface of the basaltic deposits (Brock, 1966; Schwartz et al., 1972;
Henriksson & Henriksson, 1974, 1982; Baldursson & Ingadéttir, 2007; Magnusson et al.,
2014). The Surtsey island and its underwater surroundings were designated a World
Heritage Site by the United Nations Educational, Scientific and Cultural Organization
(UNESCO) (https://whc.unesco.org/en/list/1267) in 2008 (Baldursson & Ingadottir, 2007).
The Surtsey research society was created to organize and promote research relating to the
island of Surtsey in the earth and biological sciences and has published many scientific
reports over the years (https://english.surtsey.is/).

1.6.2 Geothermal System

In 1979, a 181 m core (SE-01) was drilled through the eastern sector of the Surtur vent
(Figure 6). The top of the core is situated at about 58 m above the sea level and is assumed
to end a few meters above the pre-eruption sea floor (Jakobsson and Moore, 1982).
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Investigations of the core described volcanic structures in the subaerial and submarine
deposits — above and below coastal sea level, respectively, as well as the hydrothermal
system, and the composition and rapid alteration of the basaltic tephra that occurred
through palagonitization processes (Jakobsson, 1978; Jakobsson and Moore, 1982, 1986;
Jackson et al., 2019a). In 2017, three new cored boreholes (SE-02a, SE-02b and SE-03;
Figure 6) were acquired through the International Continental Scientific Drilling Program

(ICDP) 5,059 expedition, the SUSTAIN drilling operation (Jackson et al., 2015, 2019b;
Weisenberger et al., 2019).

temperature (*C)
A A’ 0 50 100 150 200 250
200 ey

\ sE-1

oY P
Sob . St water level
We'S * 80 .. \.... ...
\
\
- 100 X
3 \
E \
_- £ r )
E $ / \
- S 150 \
5 3 / 3
o o / \
S B Ry sediment | € 2
] Surtur tephral \ '3 ’,.‘" f An 200} % 4
3004 L) Nov 1963 t .lg,:
-Jan 1964 \ S 18
Surtungur Y i %
1964 tephra \? L \8
/ 2501 SE-3 181
-400 Lava \ f -/ T
19641967 !
. '/l |
- Lava delta = 5
500 : 300 Sadantasastissatad
0 100 200 300 400 500 600 700 800

meters

Figure 6. Cross-section of the Surtur vent, the eastern crater of Surtsey, showing eruptive deposits (subaerial,
submarine tuff and lava shield in the central crater), seafloor sediments and sedimentary rocks, a
hypothesized sub-seafloor diatreme as deduced from eruptive history by Moore (1985), location of the 1979

borehole, SE-01, and the 2017 boreholes, SE-2B and SE-03 (red star), and corresponding temperature
profiles from 2017 (Jackson et al., 2019b; Kleine et al., 2020).

The hydrothermal system has cooled down over the years, according to annual temperature
monitoring in the SE-01 borehole. At 100 m depth, the maximum temperature was
141.3°C in 1980, and it progressively fell to 124.6°C in 2017 (Figure 6) (Jakobsson and
Moore, 1986; Olafsson and Jakobsson, 2009; Marteinsson et al., 2015; Jackson et al.,
2019b). Seawater infiltrates the tephra deposits in a submarine inflow zone at 144-155 m
b.s (Jakobsson and Moore, 1986; Jackson et al., 2019b; Kleine et al., 2020). The
subsurface geochemistry and mineralogical changes in the altered basaltic deposits have
been widely described over time (Jakobsson and Moore, 1982, 1986; Schipper et al., 2016;
McPhie et al., 2020; Moore and Jackson, 2020; Prause et al., 2020). The basaltic deposits
of Surtsey host a seawater-dominated geothermal system with a gradient of temperatures
varying between 40 and 141°C. Chemical analyses of borehole fluids showed depletion in
elements, such as Mg, SO4, and dissolved inorganic carbon (Figure 7) indicating that the
associated geothermal waters in submarine deposits originate from seawater. Basalt

alterations at those temperatures modified the chemical concentration of the seawater that
transformed into geothermal waters (Kleine et al., 2020, 2022).
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Figure 7. Elemental concentrations from SE-01 (blue) and SE-03 (red) borehole fluid samples as a function
of the depth. Horizontal dotted line: costal seawater level in the boreholes. Vertical dashed line: average
concentration of the corresponding element in seawater. DIC = dissolved inorganic carbon. From (Kleine et
al., 2020).
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1.6.3 Previous Microbial Investigation

During a pioneering study that aimed to explore the subsurface microbial communities
inhabiting the Surtsey volcano, five borehole water samples were collected in 2009 using a
stainless-steel bailer connected to a slickline (Marteinsson et al., 2015). The sampling
procedure consists of lowering the open bailer into the borehole to the desired sampling
depth, sending a glass fiber jar that moves freely along the slickline and hit the top of the
bailer to mechanically close it. The sealed bailer that contains the sample is then retrieved
to the surface (Figure 8) (Kleine et al., 2020).

C Fluid sampling procedure
7 jar
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sampling) 3 4
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— adapter

detachable

wheel U"\ 5
sample container

Figure 8. Sampling procedure to collect borehole fluid samples. A) Top of borehole SE-01 drilled in 1979.
B) Stainless-steel bailer connected to a slickline. C) Sampling procedure modified from (Kleine et al., 2020).

The total capacity of the one meter-long, 5 cm-diameter, cylindrical sampler is about 1.3 L.
The samples SB1, SB2, SB4, SB5 and SB6 were collected at 57, 58, 145, 168 and 170 m
depth, respectively. The in-situ temperature measured 100°C for both SB1 and SB2, 80°C
for SB4 and 54-55°C for SB5 and SB6. The pH and salinity of the samples were also
measured and showed values around 8 and 3.7%, respectively (Marteinsson et al., 2015).
Samples SB1 and SB2 correspond to the zone of daily intertidal fluctuations at coastal sea
level, located at 58 m below surface. Aliquots of fluid samples were reduced using a Na,S
solution (0.05% w/v final concentration) and kept under anaerobic conditions at 4°C until
cultivation experiments. Different media were tested (e.g., R2A, 162, “Thermotoga” media
and YPS) at 40, 60 and 80°C but no growth was observed after 6 weeks of enrichment
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(Marteinsson et al., 2015). Fluids were also filtered through 0.22 um pore size cellulose
membrane filters and DNA was extracted from the biomass. After PCR amplification, both
the construction of clone libraries and pyrosequencing were successful for some of the
samples.

Bacterial clone libraries from samples SB5 and SB6 (168 and 170 m b. s., respectively)
were dominated by bacterial 16S rRNA genes sequences that showed high percentages of
sequence similarity with sequences of the uncultured Deltaproteobacterium ANOX-077
(15 clones) received from hydrocarbon polluted subtidal marine sediments (Genbank:
JF344639) and the wuncultured bacterium (most likely actinobacteria) clone
MDO08f7_11419 (11 clones) retrieved from soil exposed to elevated atmospheric CO,
(JQ369412). Other bacterial clones were closely related to sequences retrieved from
intertidal marine sediments (AY568900; Deltaproteobacteria), contaminated soil
(EU517548, Desulfobacteraceae), borehole fluid from a gold mine (AY741689,
Candidatus Desulforudis) and marine sediments (FJ455891) (Marteinsson et al., 2015).
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Figure 9. 16S rRNA gene sequences obtained by pyrosequencing from borehole fluid samples (SB4, SB5
and SB6) collected from SE-01 (Marteinsson et al., 2015).
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Archaeal clone libraries from sample SB6 (180 m b.s.) were dominated by 16S rRNA gene
sequences that showed high percentages of similarity with sequences of an uncultured
archaeon retrieved from the deep continental crust (DQ354739). Out of the 40 clone
sequences, two were closely related to an uncultured archaeon retrieved from marine
sediments (DQ988142) and deep-sea hydrothermal sediments (AB301979).
Pyrosequencing analyses from the same study showed that the SB4 v6 library consisted
mostly of an Operating Taxonomic Unit (OTU) assigned to the (hyper)thermophilic and
sulfate-reducing archaea Archaeoglobus from the phylum Euryarchaeota (94.5%).
However, libraries from longer reads of the v4— v6 regions on samples SB5 and SB6
showed the main OTU assigned to a taxon from the archaeal order Methanobacteriales
(SB6; 76.5% and SB5; 84.2%) (Figure 9).

Overall, the taxa detected in this study were closely related to sequences retrieved from
both terrestrial and marine habitats, and their taxonomic affiliations suggest that they could
be involved in the sulfur cycle and methanogenesis.

Furthermore, recent studies of 1979 and 2017 drill core samples showed abundant
microtubule structures in basaltic glass that resemble endolithic micro-borings (Jackson et
al., 2019a; Jackson, 2020). The observation of these structures in drill core samples
retrieved from the subsurface of Surtsey could indicate biotic alteration of the basalt
(microbial microboring into the glass), as has previously been observed in other basalt
samples (Fisk et al., 2003; Staudigel et al., 2008; Walton, 2008; Mcloughlin et al., 2010).
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2 Objectives

This study explores the microbial communities inhabiting the basaltic subsurface of the
Surtsey volcano in Iceland. It employed a collection of samples that included drill cores
originating from successive depths, associated borehole fluids and fumarole samples. The
objectives were to investigate the structure of the microbial communities as well as their
taxonomic diversity and distribution among the sample types. Also to evaluate the
functional potential of the microbial communities and the colonization of the newly formed
basaltic crust. A further objective was to cultivate subsurface microorganisms from Surtsey
island in the laboratory to discover and characterize novel species and to assess the
culturable diversity in comparison to in-situ diversity estimated by molecular methods.
Finally, to estimate the cell abundance as a function of depth and to investigate their
organization towards the basaltic substrate. Specific research questions were outlined in the
papers, which form the basis of the thesis, and are summarized below.

In Paper I, the following research questions were addressed: Has microbial life colonized
the basaltic cores only 50 years after the eruptions terminated? Does life persist in the
subsurface zones crossing the presumed thermal limit for life? How can we distinguish the
true residents of the subsurface from the marine microbial taxa derived from the drilling
fluid? Which microorganisms inhabit Surtsey’s basalt and fluids and what is their
metabolic potential? Do the microbial communities differ between the subaerial and
submarine deposits?

Paper Il examines the culturable microbial diversity of the subsurface of the Surtsey
volcano estimated using diverse culture conditions. The following questions were inquired:
What portion of the Surstey subsurface biosphere can we cultivate in the laboratory using
standard methods? Can we isolate new species? From where do the closest known relatives
of the isolates originate and what are the phylogenetic relationships? Were the isolates
detected in the Surtsey subsurface by culture-independent methods?

Paper 111 describes a novel thermophilic bacterium isolated from the subsurface of the
Surtsey volcano. The following questions were evaluated: How does the novel bacterium
differ from its closest cultured relatives in terms of ecology, physiology, chemotaxonomy
and genome features? What are the phylogenetic relationships between the microorganisms
and do the Surstey isolates represent a novel taxonomic group?

The following questions were assessed in Paper IV: Can we estimate the cell numbers in
the drill core samples as a function of depth? Can we detect cells, actual microbial
structures, or biotic signatures in the basaltic cores only 50 years after the eruptions
terminated? And if so, how organized are the cells towards the microstructures of the
subtract (e.g. cavities, vesicles, tubules, cracks, etc.) and the minerals?
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3 Methods
3.1 Experimental Settings on Surtsey Volcano

3.1.1 Drilling Operation

During the ICDP SUSTAIN drilling operation at Surtsey, from August 10" to September
4™ 2017, an Atlas Copco CS1000 drill rig was used to drill through the volcano, with its
components flown by helicopter to Surtsey and reassembled on-site (Jackson et al., 2019b;
Weisenberger et al., 2019). In addition to the SE-01 vertical borehole drilled in 1979, three
other new boreholes were drilled in 2017.

SE-01 SE-02B SE-02A SE-03

180 m 192m 152m 354m

Figure 10. Pictures of the four well head boreholes and their respective depths.

The first vertical borehole, SE-02A, was cored to 152 m b.s. until the borehole collapsed.
The second vertical, SE-02B, the cored borehole was drilled to 192 m. The third borehole,
SE-03, was drilled under the eastern crater, angled at 35° from the vertical and reached a
measured depth of 354 m (290 m vertical depth) (Figure 10).

At the drill site, the seawater drilling fluid for boreholes SE-02A and SE-02B was filtered
and UV-sterilized twice. When coring SE-02A, no mud products were utilized, however,
minor volumes of attapulgite mud were used in SE-02B and SE-03. The drill cores were
processed on-site and samples were taken for pore water geochemical analysis and
microbiological examinations (Figure 11). A helicopter brought about 650 meters of the
core to Heimaey stored in core boxes, where it was scanned, documented, and described.
Today, both the 1979 and 2017 cores are stored at the Icelandic Institute of Natural History
(Néattarufraedistofnun islands; https://www.ni.is/ ).
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Figure 11. ICDP SUSTAIN drilling operation. A) South-east view of Surtsey island. B, C) Drilling site in
August 2017. D) Core being extracted from SE-02A. E, F) Measurements and cutting the core though the
core liner. G) Tools used to cut and core were regularly sterilized using 70% ethanol. H) Drill core sample
removed from the core liner. 1) Core samples kept in liner with cap at both end for future microbial analyses.
J) Storage of the core in core boxes.
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The paper entitled “SUSTAIN drilling at Surtsey volcano, Iceland, tracks hydrothermal
and microbiological interactions in basalt 50 years after eruption” was published in 2019
by Jackson and collaborators in the peer-reviewed journal Scientific Drilling. It describes
the work achieved during the SUSTAIN drilling project at Surtsey volcano (ICDP
Expedition 5059), which resulted in the three cored boreholes. The paper also goes over
the different preparations needed for the sampling and a zero-impact drilling operation, as
well as the system set up to minimize microbial contamination in the drilling fluid (Jackson
et al., 2019b). In addition, the ICDP Operational Report has been published in the GFZ
publication database by Weisenberger and collaborators and entitled “Operational report
for the 2017 Surtsey Underwater volcanic System for Thermophiles, Alteration processes
and INnovative concretes (SUSTAIN) drilling project at Surtsey Volcano, Iceland” and
report all information about the drilling operation (Weisenberger et al., 2019).

3.1.2 Drilling Fluid

Seawater was pumped, through a 1.4 km-long water pipe, from the western shore of the
northern peninsula — providing a better shelter from wave action - into a 1000 L reservoir
tank. Then, the seawater was sterilized before injection into the drilling head with filter
units (PENTEK Big Blue, 30 um cartridge filters) and a UV light system (AQUA4ALT,
WEDECO). Unfortunately, the drilling fluids were not sterile due to the repeated clogging
of the two filter units that were used to reduce debris from the seawater before entering the
UV light system (Figure 12a). Consequently, it decreased the water flow rate, which was
not enough to allow the drilling operation to keep going without interruption. The two
vertical drill holes were cored using semi-sterilized seawater drilling fluid and occasionally
using non-sterile attapulgite mud (Florigel High-Yield Salt Water Stable Drilling Clay) and
the inclined drill hole was cored with untreated seawater and occasional attapulgite mud.

Figure 12. Pictures from the operational report of the SUSTAIN drilling project showing filtration and
sterilization of seawater at the drill site. a) Water storage at the rig site and geologist, managing the water
sterilization system. b) Used water filter. From (Weisenberger et al., 2019).

As the drilling fluids were suspected to be contaminated, samples were collected to track
the microbial contaminants injected into the boreholes during the process (Table 1). At
each depth where core samples were collected for microbial investigations; 1 liter of
drilling fluid was collected and filtrated through Sterivex™ filters (Millipore) to keep only
the microbial fraction. These samples were stored in liquid nitrogen at -196°C on-site and
then transferred at -80°C to the laboratory for future molecular analyses.
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Table 1. Drilling fluids collected in 2017 were annotated by the ICDP labeling system and corresponding
depths.

Borehole Sample ID Core run number  Corresponding depth (m) Sampling date
1B-0Z-C 0 0 07/08/2017
1B-3zZ-C 3 14.32 10/08/2017
SE-02A
1B-25Z-C 25 71.62 12/08/2017
1B-49Z-C 49 139.37 16/08/2017
1C-17Z-C 17 54.06 23/08/2017
1C-39Z-C 39 109.29 24/08/2017
SE-02B
1C-51Z-C 51 142 25/08/2017
1C-59z-C 59 164.19 25/08/2017

3.1.3 Sampling for Microbial Investigation

Four categories of samples were collected on the island: borehole fluids, drill cores,
drilling fluids and condensed steam from fumarole. Sample information, sampling method
and storage are described for each of these sample types.

Borehole fluid samples

Using the stainless-steel bailer, subsurface fluid samples were collected in 2016, 2017
(before and after drilling) and 2018 from the drill holes. Several washes (70% ethanol) of
the sampler were performed between each sampling depth to avoid contamination. A total
of 18 samples were collected from SE-01 (11 in 2016, 7 in 2017 — including 2 collected
after the end of the drillings), 9 samples were collected from SE-02b in 2017, 4 samples
from SE-02a in 2018 and 6 samples from SE-03 (5 in 2017, 1 in 2018) (Table 2).

Table 2. Borehole fluid samples were collected from Surtsey boreholes in 2016, 2017 and 2018.

Borehole fluids collected in 2016

Borehole Sampling date Depth (m) Volume (ml) Sample ID Cultivation ID
SE-01 09/06/2016 164 500 2016 1 1
SE-01 09/06/2016 164 300 2016_2 /
SE-01 09/06/2016 166 500 2016_3 2
SE-01 09/06/2016 162 400 2016_4 3
SE-01 09/06/2016 70 250 2016 5 4
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SE-01 09/06/2016 100 500 2016_6 5
SE-01 09/06/2016 100 250 2016_7 /
SE-01 09/06/2016 120 550 2016_8 6
SE-01 09/06/2016 160 500 2016_9 /
SE-01 09/06/2016 160 150 2016_10 7
SE-01 09/06/2016 Mix 1400 2016_11 8
Borehole fluids collected in 2017 (before and after drilling)

SE-01 03/08/2017 56 to 58 5000 2017_1 1
SE-01 03/08/2017 120 1820 2017_2 2
SE-01 03/08/2017 mix (~120) 980 2017 3 3
SE-01 03/08/2017 mix (~120) 805 2017_4 4
SE-01 03/08/2017 150 5000 2017_5 /
SE-01 08/08/2017 160 5000 2017_6 /
SE-01 08/08/2017 mix 850 2017_7 /
SE-03 06/09/2017 140 +/-10 500 2017_11 11
SE-03 06/09/2017 200 +/-10 500 2017_12 12
SE-03 06/09/2017 280 +/- 10 500 2017_13 13
SE-03 06/09/2017 mix 1000 2017_14 14
SE-03 06/09/2017 75 +/-10 500 2017_15 15
SE-02B 05/09/2017 60 500 2017_16 16
SE-02B 05/09/2017 80 500 2017_17 17
SE-02B 05/09/2017 90 500 2017_18 18
SE-02B 05/09/2017 100 500 2017_19 19
SE-02B 05/09/2017 140 500 2017_20 20
SE-02B 05/09/2017 150 500 2017_21 21
SE-02B 05/09/2017 160 500 2017_22 22
SE-02B 05/09/2017 mix (~170) 500

2017 23 23
SE-02B 05/09/2017 mix (~0-160) 500
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Borehole fluids collected in 2018

SE-02a 19/07/2018 60 to 100 800 2018_1 1
SE-02a 19/07/2018 110 to bottom 800 2018_2 2
SE-03 19/07/2018 mix 20000 2018_3 3
SE-02a 19/07/2018 mix (~120) 135 2018_4 /
SE-02a 19/07/2018 135 1000 2018_5 /

For cultivation, 50 ml of the sample were reduced by Na,S solution (0.05% w/v final
concentration) and stored at 4°C. The rest of the sample was filtrated through 0.22 pm
Sterivex™ filters (Millipore) for future molecular analyses. Filters were closed at both
ends and immediately frozen at —80 °C (Figure 14).

Drill core samples

A total of 56 core samples were collected from the drill holes (SE-02A, SE-02B and SE-
03) for microbial detection and analysis. Seventeen drill core samples were collected from
SE-02A, the first vertical hole, cored using filtered, doubly sterilized seawater drilling
fluid; 17 from SE-02B, the second vertical hole (Table 3), cored using filtered, doubly
sterilized seawater drilling fluid and occasional attapulgite mud; and 22 from SE-03, the
inclined drill core, cored with untreated seawater and occasional attapulgite mud (Jackson
et al., 2019b; Weisenberger et al., 2019).

Table 3. Drill core samples were collected from the Surtsey SE-02B borehole in 2017. ICDP labeling, core
logs, temperatures, depths, and rock description.

Depth (m)
. Core run Sampling Temperature Core
ICDP labelling no. date (°C) description
From To
5059-1C-47-4 4 22/08/2017  20.84  23.89 20 Armored
Lapilli Tuff
5059-1C-9Z-3 9 22/08/2017  33.04  36.09 36 Armored
Lapilli Tuff
5059-1C-137-3 13 22/08/2017 4219 4524 59 Armored
Lapilli Tuff
5059-1C-17Z-3 17 23/08/2017  54.06  55.68 82,5 Armored
Lapilli Tuff
5059-1C-227-3 22 23/08/2017 6354  66.49 1015 Armored
Lapilli Tuff
5059-1C-27Z-3 27 23/08/2017 7474  78.79 114 Lapilli Tuff
5059-1C-33Z-3 33 24/08/2017  90.99  94.04 123 Lapilli Tuff
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5059-1C-36Z-3 36 24/08/2017 100.14  103.19 124 Lapilli Tuff

5059-1C-39Z-3 39 24/08/2017 109.29 11234 1215 Lapilli Tuff
5059-1C-42Z-3 42 24/08/2017 118.44  121.49 116 Lapilli Tuff
5059-1C-457-1 45 24/08/2017 12749  130.64 107 Lapilli Tuff
5059-1C-49Z-4 49 25/08/2017 138.09  139.29 97 Lapilli Tuff
5059-1C-527-3 52 25/08/2017 14589  148.94 84 Lapilli Tuff
5059-1C-55Z-3 55 25/08/2017 155.04  158.09 64 Lapilli Tuff
5059-1C-59Z-3 59 25/08/2017 164.19  167.24 55 Lapilli Tuff
5059-1C-62Z-3 62 25/08/2017 17334  176.14 445 Lapilli Tuff
5059-1C-652-2 65 25/08/2017 179.44  182.49 37 Lapilli Tuff

Fifty-six core samples were immediately fixed and frozen on-site for microbial
identification and analysis. Every third 3 m core run at the drill site had a 30-cm portion
cut out of the middle, which was separated into three subsections: 10 cm for molecular
analyses (MA), 8 cm for culture (Cu), and 2 cm for microscopic examination (M) (Figure
14). The MA sections were retained in the plastic core liner, wrapped in plastic, and stored
in liquid nitrogen (196°C) until they were delivered to long-term laboratory storage at
80°C. Cu pieces were withdrawn from the liner as soon as possible, placed in a sterile
plastic bag, oxygen removed by applying GasPak™ (BD), and stored at 4°C. M sections
were incubated in a solution of 1X phosphate buffer solution (PBS) and 2% formaldehyde,
washed twice with PBS 1X, transferred to a solution of PBS 1X and 96% ethanol, and
stored at —80°C. To detect microbial contaminants introduced during drilling, circulating
fluid was collected at each core sample depth and passed through a Sterivex filter to retain
the microbial fraction. Samples were stored in liquid nitrogen at —196°C on-site and then
transferred to laboratory storage at —80°C for future molecular analyses (Jackson et al.,
2019b).
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Figure 13. Sampling procedure and storage for borehole fluid and drill core samples.

Fumarole samples

Fumarole samples were collected on the top of Surtsey (N-63°18.249'; W020°36.085") for
cultivation purposes and molecular analyses. On the 4th of August 2017, sterile tubes
connected to 5 L sterile plastic containers were introduced into the fumarole SF-1. The
next morning, 370 ml and 5 L of steam were collected in the bottles (Table 4).

For cultivation, 50 ml of the sample were reduced by Na,S solution (0.05% w/v final
concentration) and stored at 4°C. The rest of the sample was filtrated through 0.22 um
Sterivex™ filters (Millipore) for future molecular analyses. Filters were closed at both
ends and immediately frozen at —196°C on the island before being transported to the
laboratory and stored at -80 °C.

Table 4. Fumarole samples were collected in 2017.

. Sample type I
Fumarole Sa;napz[lemg cooerI?r?ates and Vc(JrITL:Ir)ne Sample ID Cu“:‘gtlon
temperature

N- Steam water

SF-1 05/08/2017  03718:249% gy 544 370 2017 8 5
W020°36.08 >

5, 82.3°C)

N_
SF-1 05/08/2017 ~ 03.18:2495  Steam water 5000 2017 9 7

W020°36.08 (85.6°C)
5
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Seawater samples

Seawater samples were collected as part of the Microbes in the Icelandic Marine
Environment (MIME) project (Icelandic Research Fund - 163266-051), on August 18,
during the annual oceanographic surveys from the Marine and Freshwater Research
Institute of Iceland (https://www.hafogvatn.is/). Using a CTD rosette sampler, one liter of
seawater was sampled at the station Selvogsbanki 2, a few kilometers from the northwest
coast of Surtsey (63°28'58.8"N; 20°54'7.2"W) at 10, 20, 30 and 50 m below sea level. The
temperatures of the samples were 12°C and 9.9°C at 10 and 50 m b.s.1., respectively.

ISCaR collection

The Icelandic Strain Collection and Records (ISCaR) database - a national database for
microbial cultures and samples from Icelandic environments - monitored by the company
Matis Ltd. includes 74 environmental samples from Surtsey. Biological material
documented in ISCaR contains raw samples, DNA extracted from these samples (e.g.,
borehole fluid samples, drill core samples, steam and mud collected from fumaroles) and
isolated strains. Each sample entered in the database is followed by information on the
sampling’s date, GPS coordinates, environmental parameters such as temperature and
depth, and storage conditions. The consultation of the public part of these data is available
online on the ISCaR website (http://iscar.matis.is/sampling-site/surts).

3.2 Microbial Diversity Analysis of the Surtsey
Subsurface

3.2.1 DNA Extraction from Rock Samples

Different DNA extraction methods were tested before proceeding to the DNA extraction of
the drill core samples extracted from the subsurface of Surtsey island in 2017. DNA
extraction from fluid samples is also described in Paper 1.

The rock samples used for the experimentations were collected on the surface of the island
and at 170 m depth. Two negative controls were carried out in parallel throughout all
extractions. One involved sterile water instead of the rock powder. The second control
involved sterilized rock powder that has been sprayed with 70% ethanol, autoclaved and
incubated in a hot air oven for 24 hours at 180°C. Rhodothermus marinus strain DSM
4252" (Alfredsson et al., 1988) was used as seed organism for positive control. The
bacterium was grown to a late exponential phase (2 days) at 65°C in medium 166
supplemented with 1% NaCl (Hjorleifsdottir et al., 2001). Optical density was measured at
580 nm using a Novaspec Il Spectrophotometer (Biochrom) and the cell concentration
was estimated at ~ 1.0 x 10° cells per ml (~ 100 cells/medium square; objective 40X) using
Thoma cell counting chamber before the cell suspension was combined with sterilized rock
sample at an equal volume of 1 ml.

Home-made pestle and mortar were used to break the rocks into small pieces. The
equipment was autoclaved beforehand and was decontaminated by washing with ethanol
(70%) and flaming between each use. Only pieces from the exterior of the core sample
were selected for extraction. All the rock samples were weighted at ~500 mg.
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The first method consisted of a custom-made protocol based on recommendations for the
lysis protocol on basaltic samples (LP II) and the choice of an effective buffer to promote
DNA desorption from minerals surfaces (Direito et al., 2012; Lever et al., 2015b). Samples
supplemented with P/EtOH solution (1 M phosphate buffer from NaH,PO4/Na,HPO,4, 15%
ethanol, pH 8.0), Proteinase K (20 mg/ml), and lysis solution | (30 mM Tris-HCI, 30 mM
EDTA, 800 mM guanidium hydrochloride, and 0.5% Triton X-100, pH 10) were
homogenized by vortexing for 10 s, and incubated for 1 h at 55°C using a hybridization
incubator with a rotisserie assembly. Bead-beating (autoclaved zirconia/silica beads, 0.2 g,
0,1 mm; BioSpec) for twice 30 s at 30 Hz with cooling on ice 1min in between. Two
additional freeze-thaw+heat cycles (30min at -80°C/30min at 50°C) followed by
centrifugation (1min; 10.000 x g; 4°C) and phenol/chloroform/isoamyl alcohol (PCI)
extraction (25:24:1 v/v) on supernatant, purification using chloroform and DNA
precipitation using isopropanol. The second method followed the PowerLyzer®
PowerSoil® DNA Isolation Kit protocol according to the manufacturer’s instructions (MO
BIO Laboratories, Inc.). Cell lysis occurs by mechanical (vortex) and chemical (Solution
C1; SDS) interaction. The Kit contained a patented humic substance/brown color removal
procedure and therefore, is effective at removing PCR inhibitors (Solutions C2 and C3;
Inhibitor Removal Technology®). Total genomic DNA is captured on a silica membrane in
a spin column format and an ethanol-based wash solution is used for DNA elution. The
third method consisted of a modified version of the PowerLyzer® kit following
recommendations for low biomass samples (Direito et al., 2012). The modification of the
protocol consisted of adding a solution of P/EtOH at pH8 to the solution C1, two steps of
bead-beating using autoclaved silica zirconium beads (0.5g, 1 mm) and Mixer Mill Grinder
MM 400 (Retsch) for 30s at 30 Hz with cooling on ice 1min in between and incubation at
80°C for 40min before proceeding according to the PowerLyzer® PowerSoil® DNA
Isolation Kit protocol.

DNA was quantified and quality assessed using a NanoDrop® ND-1000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific) and Qubit fluorometer (Invitrogen, Quant-
iT™ dsDNA HS) and 16S rRNA gene amplifications were performed to test PCR
inhibition. Visualization was performed on 1% (w/v) agarose gel.

3.2.2 16S rRNA Gene Amplicon Sequencing

Partial 16S rRNA gene amplification was tested using Q5® High-Fidelity polymerase
(New England Biolabs, MA, United States) and the Earth Microbiome Project universal
primers 515f (5-GTG CCA GCM GCC GCG GTA A-3') and 806r (5-GGA CTA CHV
GGG TWT CTA AT-3") were used to amplify the variable region V4 of the bacterial and
archaeal 16S rRNA genes (Caporaso et al., 2012). Due to the lack of good coverage for
archaea with this primer pair (Parada et al., 2016), specific archaeal primer sets were
utilized with a nested PCR technique as followed: first-round PCR (V3-V5 region) using
Parch340F (5'- CCC TAY GGG GYG CAS CAG -3") and Arch958VR (5'- YCC GGC
GTT GAV TCC AAT T -3') (QDvreas et al., 1997; Klindworth et al., 2013), and second
round (V3 region) using Arch349F (5'- GYGCASCAGKCGMGAAW -3") and Parch519R
(5'- TTACCGCGGCKGCTG -3') (@vreas et al., 1997; Takai and Horikoshi, 2000).

All PCR reactions were set up following the manufacturer’s amplification protocol of Q5®

High-Fidelity PCR Master Mix and 5ul of DNA at 10ng/pl (NanoDrop quantification) was
used as template. Nuclease-free water was used to reach a total reaction volume of 25 pl.
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The second round of the nested PCR used 5ul of amplified DNA from the first round. For
rock samples that could not be amplified, bovine serum albumin was added to the master
mix at a final concentration of 0.5 ng/pl. Conditions of the thermocycler (Bio-Rad) were
set to: initial denaturation for 30s at 98°C followed by 30 cycles of denaturation for 10s at
98°C, annealing for 30s at 52°C (bacterial primer set) or 55°C (archaeal primer sets) and
extension for 60s at 72°C. The final elongation was set for 2min at 72°C. Amplification
products were visualized on 1% (w/v) agarose gels.

All PCR amplicons were multiplexed using Nextera®XT barcodes (8 cycles for index
PCR) and were sequenced on a MiSeq sequencer (lllumina) with v3 chemistry and 2x300
cycles across sequencing runs. Raw sequences were demultiplexed and processed using the
R Package DADA?2 (Callahan et al., 2016) version 1.4 or newer versions using the same
parameters for the different runs. Unique Amplicon Sequence Variants (ASV) table was
obtained after merging the different run outputs and taxonomic assignment of ASVs was
conducted with the SILVA SSU database release 138 (Quast et al., 2013). Statistical
analysis and visual presentation of the data was conducted with RStudio running R version
4.0.2 (R Core Team, 2019; Rstudio, 2020) using packages Phyloseq (McMurdie and
Holmes, 2013), ggplot2 (Wickham, 2011), vegan (Oksanen et al., 2007) and other
packages detailed in Paper 1.

3.2.3 Shotgun Metagenomics

Three metagenomes were obtained from DNA extracted from the subsurface of Surtsey.
DNA was pooled from different samples to get enough DNA for the shotgun metagenome
sequencing.

The sample SurW corresponds to pooled DNA extracted from borehole fluid samples
collected from the 1979 SE-01 borehole at different depths (Surl61 to Surlémix). Samples
SurC1 and SurC2 correspond to pooled DNA extracted from drill core samples from the
subaerial deposits (C4 to C22) and the submarine deposits (C27 to C65), respectively.
DNA was quantified using high-sensitivity dsDNA reagents and Qubit fluorometer
(Invitrogen™) and stored at —20°C before being sent on dry ice to the Marine Biological
Laboratory (MBL), Woods Hole Oceanographic Institution, MA, USA, as a part of the
Phase 14 DNA sequencing initiative of the Deep Carbon Observatory’s Census of Deep
Life. Based on Qubit ds HS quantification, DNA quantities sent were 10, 12 and 14 ng for
SurW, SurCl and SurC2, respectively. The DNA received was cleaned up using the
DNEasy PowerClean Pro Cleanup kit to remove co-precipitates and concentrate the final
product in SpeedVac. Purified DNA was then sheared to 400 bp on the Covaris S220 series
and concentrated using AmPure XP beads to 10 ul for the library kit preparation. Due to
the expected low DNA input, the samples were concentrated with a 2:1 ratio of beads
(regular practice is 1:1) and cleaned with 75% ethanol. Libraries were prepared using the
Ovation Ultralow V2 DNA-Seq library preparation kit (NUGEN, San Carlos, CA, USA),
with the following modifications: 80% ethanol washed during concentration/cleanups of
AMPure and elution volumes lower than recommended in the kit protocol for increased
concentration. The input DNA was 0.4396, 0.4637 and 0.7085 ng for SurW, SurC1 and
SurC2, respectively and 15 cycles and Illumina adapter-specific primers amplified the
DNA fragments. A very small amount of primer dimers was obtained and removed using
Sage Science Blue Pippin. The indexed libraries were pooled in equimolar concentration at
26 ng each and KAPA SYBR® FAST Universal gPCR kit (Kapa Biosystems, Boston,
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MA, USA) was used to quantify the metagenome library DNA input concentrations.
Shotgun sequencing was performed using a HiSeq system (Illumina). The run came back
with overall high-quality values (90.9% Passing Filter, 85.8% Q30). Library preparation,
multiplexing, and sequencing were performed at MBL (Woods Hole Oceanographic
Institution, MA, USA). Samples were demultiplexed by MBL.

3.3 Isolation, Cultivation and Characterization
of Bacterial Strains

3.3.1 Enrichment and Cultivation

All samples used for cultivation experiments were collected on the island between 2016
and 2018 and were immediately processed aseptically on-site and kept at 4°C. This
included three sample types of drill cores, borehole fluids and condensed steam and
biomass from fumarole outlets. Seven different culture media were tested, non-selective
and selective (e.g., media for methanogens, iron, sulfate and sulfur reducers), at various
temperatures (i.e., 22°C, 40°C, 60°C and 80°C) and under both aerobic and anaerobic
conditions. Two solidifying agents were used: agar (14 g/L, Sigma-Aldrich, Deissenhofen,
Germany) for incubation temperature below 60°C or Phytagel™ (8 g/L, Sigma-Aldrich,
Deissenhofen, Germany) for incubation temperature above 60°C. Media and conditions
used for enrichments are thoroughly described in Paper Il. Direct plating, dilution-to-
extinction and Hungate tube-roll techniques were tested (Hungate, 1950; Clark, 2019).
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, MALDI-TOF
MS (Microflex LT, Bruker Daltonics, Bremen, Germany), was used for differentiating the
isolates in order to select colonies to be sequenced. Selected isolates were identified by
partial 16S rRNA gene sequencing with an ABI 377 DNA sequencer. The short fragment
was amplified using the primer set F9 (“5- GAGTTTGATCCTGGCTCAG-3") and R805
(“5-GACTACCCGGGTATCTAATCC-3"). PCR and thermocycling was performed
according to the recommendation of the manufacturers of OneTag® Hot Start DNA
Polymerase (New England BioLabs). The annealing temperature was set at 52°C. After
purification by using Exonuclease | (Exol, New England BioLabs) and Shrimp Alka-line
Phosphatase (SAP, New England BioLabs), BigDye Terminator Cycle Sequencing Ready
Reaction kit was used. The quality of the sequences was assessed using the software
Sequencher 5.2.4 (Gene Codes Corporation). The sequences were taxonomically classified
using BLASTn (Basic Local Alignment Search Tool) from NCBI (National Center for
Biotechnology Information) and the 16S ribosomal RNA (Bacteria and Archaea type
strains) database.

3.3.2 Phenotypic Analysis

Fifty-five 16S rRNA gene sequences were selected to represent each taxonomic group. The
online portal of the SILVA Incremental Aligner (SINA 1. 2. 11) tool of the ARB-Silva
database (http://www.arb-silva.de/aligner/) was used to classify and align sequences.
RAXML BlackBox (https://raxml-ng.vital-it.ch/#/) (Kozlov et al., 2019) implemented on
the CIPRES webserver (Miller et al., 2010) was used to perform maximum likelihood
analyses using the GTR GAMMA model. The tree in NEWICK format was imported in
Interactive Tree Of Life (iTOL) v6.4 (Letunic and Bork, 2021). In addition, representative
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sequences of the novel strains isolated in Paper 11 were aligned against 16S rRNA gene
sequences of the closest cultured type strains using the clustal_w program (Thompson et
al., 1994) and a neighbor-joining tree was built in MEGA7 (Kumar et al., 2016).

3.3.3 Characterization of the Strain ISCAR-7401"

The strain ISCAR-7401" was characterized in Paper Il according to the guidelines
outlined in Tindall et al. (2010). Eight isolates were chosen for characterization in the
context of Paper | and showed low 16S rRNA gene sequence similarity (96%) to the
closest relative species belonging to the genus Rhodothermus. The phenotypic traits of the
eight strains were similar. Strains ISCAR-7403 and 7404 were isolated from a tephra drill
core collected at 70 m depth in the volcano (in situ temperature: ~100°C), while the others
were isolated from borehole fluid samples collected at different depths: 75 m for strains
ISCAR-7397 and 7398, 80 m for strains ISCAR-7399 and 7400, and 160 m for strains
ISCAR-7401" and 7402. All strains were routinely grown on medium 166 supplemented
with 1% NaCl at 70°C, with or without agar (Hjorleifsdottir et al., 2001). The cell size and
morphology of strain ISCAR-7401" were observed using a polarized light microscope
Olympus BX51 (100x/1.30 Oil pH3) and a scanning electron microscope Supra25 Gemini
FE-SEM (ZEISS). The Gram reaction was performed on fresh cells using the BBL™ Gram
Stain Kit (BD) following the manufacturer’s instructions. The growth range was
determined in liquid medium 166 with 1% NaCl for 2-7 days. Optimal growth temperature,
NaCl concentration from 0 to 7% and pH range from pH 5 to 10 were tested in liquid
medium 166 at 70°C. Rhodothermus marinus DSM 4252" was cultivated under the same
conditions and served as a reference strain. Samples were collected at 1 or 2-hour intervals
over 30 hours, and optical density was measured at 580 nm with a Novaspec Il
Spectrophotometer (Biochrom). The growth rates of ISCAR-7401" at each condition were
calculated using growth curves. Anaerobic growth was investigated for one week on agar
plate medium 166, pH 7.5, and 1% NaCl at 70°C using a GasPak™ (BD). The activities of
catalase and oxidase were measured in triplicate using a 3% (v/v) H;O, solution and an
oxidase reagent kit (Difco BBL), respectively. Susceptibility to 4 antibiotics was also
tested in triplicate. Analysis of cellular fatty acids, quinones and polar lipids for strain
7401" were carried out on freeze dried cells from actively growing liquid cultures (medium
166, 1% NaCl at 70°C) by the Identification Service of Leibniz-institute DSMZ - Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany.

The DNA G+C content of the strain ISCAR-7401" and the Average Nucleotide Identity
(ANI) values were obtained by using the ANI Calculator from EZBioCloud (Yoon et al.,
2017) and the digital DNA-DNA hybridization (dDDH) values were obtained by using the
Genome-to-Genome Distance Calculator 2.1 (GGDC) online tool from the DSMZ
(https://ggdc.dsmz.de/) (Meier-Kolthoff et al., 2013). A complete 16S rRNA gene
sequence was extracted from the genome assembly of strain ISCAR-7401" using
RNAmmer (Lagesen et al., 2007). The full 16S rRNA gene sequences of the closest
relative species were downloaded from NCBI (e.g., Rhodothermus profundi PRI 2902,
NR_116762, Rhodothermus marinus DSM 4252, NR_029282.2; and Roseithermus
sacchariphilus MEBIC 09517", MG603595) and were aligned with the 16S rRNA gene
sequence of the strain ISCAR-7401" using the clustal_w program (Thompson et al., 1994).
Phylogenetic trees were reconstructed using neighbor-joining (Saitou and Nei, 1987),
maximum likelihood and maximum parsimony tree algorithms in MEGA7 (Kumar et al.,
2016), based on 1000 bootstrap replications. Balneola species were always used as the
outgroup.
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3.4 Microscopic Investigations

Paper IV focuses on drill core samples that were stored under anaerobic conditions using
gas-packs on site right after the drilling operation in 2017. Small fragments of samples
were fixed using an overnight incubation with ethanol (50%). Fluorescent dyes, SYTO 9
and DAPI at a final concentration of 10 uM were used to stain cells and visualization was
performed using an epifluorescence microscope. Different protocols were tested for the
visualization of cells using Confocal laser scanning microscopy (CLSM - FluoView™
FV1000). Briefly, fixed rock fragments were ground into powder or smaller fragments and
transferred on a glass slide. Solution of melted agarose 2% and SYTO 9 were added to the
powder, antifading (citifluor) was also added and a cover slide was put on the top after the
agarose solidified. For Scanning Electron Microscopy (SEM - Zeiss Auriga 40 Focused
lon Beam Field Emission Scanning Electron Microscope coupled with an Energy
Dispersive X-ray analyzer) visualization, small fragments of drill core samples that were
not previously fixed were dehydrated by four washes of 10 min in increasing
concentrations of ethanol solutions (30, 50, 80, and 100%). After drying, samples were
placed on carbon conductive tabs (PELCO Tabs™, 9mm) and were gold-coated for SEM
visualization.
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4 Results and Discussion

4.1 Contamination Assessments

The deep subsurface environments are estimated to contain around 70% of all prokaryotic
cells on Earth (Magnabosco et al., 2018). Yet, this large microbial habitat is still relatively
unexplored today because it is very difficult and costly to obtain samples. In the past, the
only way scientists had to access and study subsurface microorganisms was through “open
windows” to subsurface ecosystems such as oil wells, mines, caves, and geothermal and
hydrothermal environments (Deming and Baross, 1993; Marteinsson et al., 2001; Huber et
al., 2006; Wanger et al., 2008). Although pre-existing natural systems and infrastructure
may be used for the collection of samples, recovering material from the subsurface
generally requires drilling technologies to reach suitable depths. Over the years, drilling
methods progressively became more efficient and allowed straight access to both deep
terrestrial and marine subsurface environments. However, drilling is often inappropriate for
microbiological sampling because it requires specific equipment and methods that were
initially developed without consideration for the microorganisms inhabiting the subsurface.
These drilling operations can extract cores at great depth but generate very high risks of
introducing non-indigenous microorganisms into the samples (Smith et al., 2000a; b;
Smith and D’Hondt, 2006). Indeed, during a drilling operation, the corehole is constantly
flushed with fluids that are not sterile, making the core samples contaminated. Injection of
fluids is necessary to cool down the head bit and to equilibrate the pressure down in the
hole. In addition, subsurface environments are low in biomass making the impact of
external contamination higher. Injecting only a few non-indigenous cells into the samples
can have a dramatic influence on the results of the analyses performed on these samples.
For instance, cell numbers inside of the core can be overestimated because of
contamination, and non-indigenous species can be cultivated and wrongly identified as
endemic to deep subsurface environments. DNA extracted from contaminant species
within the core samples is amplified, which can once again lead to misinterpretation and
greatly bias the view of true microbial communities present in the subsurface (Smith and
D’Hondt, 2006; Sheik et al., 2018).

The risk of potential contamination when using standard techniques during drilling
operations was recognized in the 1980s to interfere with the study of the deep biosphere.
Over the years, numerous methods were tested to assess and evaluate the contamination
from the surface during a drilling operation. After the “Subsurface Science Program” was
formed in 1985, three drilling operations in South Carolina allowed the development of
new techniques to facilitate the collection of sterile samples from deep cores (Fliermans
and Balkwill, 1989; Lehman et al., 1995). Many methods were tested including the
separation of core and circulating fluids using sterilized plexiglas insert tubes (Fliermans
and Balkwill, 1989) and the cutting of the outer layer to only keep the “uncontaminated”
inner part of the core (Fliermans and Balkwill, 1989; Phelps et al., 1989). However, the
latter can be exceedingly challenging for crust samples. Lever et al. (2006) investigated a
surface cleaning approach that involved washing samples with sterile seawater and burning
the sample’s outside until dry. Although sterilization of the material and removing the outer
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layer of the core can reduce the risk of contamination (Smith et al., 2000a), it cannot assure
the integrity of the sample.

It has been shown that microbial contamination can easily infiltrate the inside of the core
through cracks and fissures (Smith et al., 2000a; b). Also, some drilling techniques make
this problem worse by flushing the corehole with high-pressure drilling fluids that circulate
up and down the hole. Those fluids transport microbial cells that can infiltrate straight
inside of the core through the cracks and fissures. Therefore, the recovery of undisturbed
rock samples is virtually impossible (Friese et al., 2017; Kallmeyer, 2017), which makes it
challenging to study indigenous microorganisms from the subsurface. In this matter,
different methods were developed over the year to assess this problem. To follow fluid
infiltration into the core, numerous physical and chemical tracers were tested (Diehl and
Horchak-Morris, 1987; Chapelle and Lovley, 1990; Smith et al., 2000b; D’Hondt et al.,
2002; Kallmeyer et al., 2006; Friese et al., 2017), including fluorescent dyes (Phelps et al.,
1989; Russell et al., 1992; Pellizzari et al., 2013), perfluorocarbon tracers (PFTs) (Senum,
G. and Dietz, 1991; Colwell et al., 1992; Russell et al., 1992; Smith et al., 2000b; House et
al., 2003; Lever et al., 2006; Orcutt et al., 2011a, 2017; Inagaki et al., 2016) and
microsphere tracers (Colwell et al., 1992; Smith et al., 2000b; Kallmeyer et al., 2006;
Yanagawa et al., 2013).

Fluorescent dyes like fluorescein or rhodamine allowed the visualization of the microbial
contaminants from the drilling fluids into the cores (Pedersen and Ekendahl, 1990; Russell
et al., 1992). One of the first fluorescent dyes used to calculate the contamination effect
during drilling operations was fluorescein, which was first synthesized in 1871 (Duan et
al., 2009) and is among the most-commonly used tracer dyes today (Pellizzari et al., 2013).
Although fluorescent dyes have the advantages of high sensitivity for detection, low cost
and are easy to use (Russell et al., 1992), they are unstable at low pH values (Zhu et al.,
2005) and are sensitive to oxidizing agents and light degradation (Smart and Laidlaw,
1977; Diehl and Horchak-Morris, 1987; Zhu et al., 2005). Also, fluorescence signal of the
dye can greatly decrease due to the presence of humic substances and sorption on clay
minerals limiting their applicability during drilling operations (Magal et al., 2008; Hafuka
et al., 2015). Humic substances and clay minerals are commonly found in subsurface
samples. Furthermore, fluorescent dyes can be toxic to the environment, which might
cause problems with the disposal of the mud or fluids after drilling.

To identify the infiltration of drilling fluids into the core, perfluorocarbon tracers (PFTSs)
are also used (House et al., 2003; Lehman et al., 2004). They are chemically inert
hydrophobic compounds and have a few advantages such as their non-toxicity to the
environment and they can be detected at very low concentrations using gas
chromatography (Smith et al.,, 2000a). However, the detection of PFTs must be
immediately performed on fresh cores because of their high volatility and requires
elaborate equipment (Lever et al., 2006). Standard contamination control methods during
IODP drilling expeditions mainly use PFTs.

Today, one of the most used methods to assess microbial contamination during drilling is
the utilization of microsphere tracers. They are very small (0.2-0.5 pm in diameter)
fluorescent particles, used in both terrestrial and ocean drilling campaigns (Colwell et al.,
1992; Smith et al., 2000a; Kallmeyer et al., 2006; Yanagawa et al., 2013). Since the
microspheres have a similar size to indigenous microorganisms present in the subsurface,
they mimic their infiltration into the core through cracks and fissures. They can be mixed
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into the drilling fluids or locally released at a specific sampling depth. Then, they can be
extracted from the core by density centrifugation (Kallmeyer et al., 2006), transferred onto
a filter membrane and counted by epifluorescence microscopy (Colwell et al., 1992).
However, microsphere tracers are very expensive, costing tens of dollars per milliliter, and
they decompose under high-temperature conditions (Yanagawa et al., 2013).

After their analysis for tracers’ detection, the drill cores are analyzed for the presence of
microorganisms, in parallel with the subsamples that would serve to identify the potential
contamination. To thoroughly examine possible contamination, it is critical to incorporate
sub-sampling of the material utilized during the drilling operation, core retrieval, and
sample processing. Samples collected by swabbing surfaces of drilling materials, core
liners, instruments used to recover the core such as used gloves and circular saws, and
samples of drilling mud and fluids should all be included in subsampling for contamination
analysis (Pfiffner et al., 2008; Kieft, 2010). Negative controls, or "blanks,"” should be
included in every phase of the procedure to identify laboratory or environmental
contaminants from indigenous microorganisms. Gloves before use, laboratory regents, and
so forth are examples of these. All the subsamples would be used to identify any possible
contamination.

One of the most important aspects of sampling is to preserve the samples as fast as possible
and use proper procedures for further microbiological analysis. The sample conservation
varies depending on the analysis goal. Rapid freezing in liquid nitrogen or -80°C is
generally appropriate for capturing microbial community composition and structure from
nucleic acids when culture-independent techniques are applied. In low biomass subsurface
environments, RNA-based microbial activity analyses are difficult. Messenger RNA
signatures may change from in situ to surface conditions due to the time it takes to recover
the samples. If samples were frozen throughout the coring process, those signatures that
would normally alter fast would be preserved. If culture methods are utilized, samples
should be stored anaerobically at 4°C and used as quickly as possible to avoid microbial
overgrowth. However, long-term storage has been shown to affect core integrity (Lin et al.,
2010). During the storage of core material, changes in the microbial community structure
and function occurred, leading to wrong conclusions about in situ microbial diversity
(Mills et al., 2012).

During the ICDP SUSTAIN drilling operation at Surtsey, no tracer compounds (e.g.,
fluorescent dyes (Pellizzari et al., 2013), perfluorocarbon tracers (Lever et al., 2006;
Inagaki et al., 2016; Orcutt et al., 2017), and microsphere tracers (Kallmeyer et al., 2006;
Yanagawa et al., 2013) were used due to the subsurface physico-chemical conditions,
which prevented their utilization (pH, temperature, light, etc.). They were also prohibited
on Surtsey due to the protected environmental status of the island (Baldursson, S. &
Ingadottir, 2007). Therefore, core samples were supposed to be drilled using doubly
filtered and UV sterilized seawater, as the drilling fluid, to avoid any injection of microbial
contaminants into the boreholes. However, we suspected that the drilling fluid was not
sterile and samples were collected and analyzed. Biomass from the filters was extracted
and the V4 region of bacterial and archaeal 16S rRNA genes was amplified and sequenced.
The DADAZ2 pipeline (Callahan et al., 2016) was used to analyze the microbial diversity in
the drilling fluid samples. Samples 1B0ZC, 1B3ZC and 1B25ZC presented only two to
five ASVs that belonged to the classes Gammaproteobacteria, Cyanobacteria and
Alphaproteobacteria (Figure 13). This abundance was low in comparison to the rest of the
samples. Figure 13 demonstrates that the sterilization system was efficient during the
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drilling of the first half of SE-02A and failed sometime after 70 m depth (1B25ZC
corresponding to the 25th core run). The depths of 58-70 m b. s. coincide with the coastal
seawater level. Variation of pressure by crossing the sea level barrier could have changed
the water flow rate needed to drill. The volume of fluids needed during the drilling process
could have become too high in comparison to the lower flow rate provided by the
sterilization system. It could have rushed the filtration (filters constantly clogged, Figure
12b) and reduced the time required under the UV to sterilized the seawater.
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Figure 14. Amplicon Sequence Variant (ASV) abundance from drilling fluids, sampled during coring of SE-
02A and SE-02B with the assigned taxonomy at the class level (SILVA SSU 132 database).

Many microbial species were expected to be injected from the drilling fluids — or non-
sterile seawater — into the drill cores. However, we did not reject the hypothesis that
marine bacteria and archaea colonized the subsurface of the island by seawater infiltration.
While the three samples were removed from the dataset, the five remaining drilling fluids
were retained to compare microbial communities between the drilling fluid and the drill
core samples. Paper I develops in detail our strategies to distinguish indigenous microbial
taxa of subsurface rocks from potential marine contaminants present in the drilling fluid
based on a simple overlap approach at the ASV level.
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4.2 DNA Extraction from Low Biomass and
Mineralized Samples

Culture-independent studies, such as amplicon-based and “meta-omic” methods, provide
by far a better representation of environmental microbial communities than culture-based
methods. However, the origin of the samples and the choice of methods influence the
efficiency of DNA extraction, microbial cell quantification, and the interpretation of the
microbial community composition, which could lead to misinterpretations. Therefore, all
the steps of DNA extraction and purification should be carefully considered.

Extracting DNA from all microorganisms present in one studied environment can be
challenging, due to the nature of the sample. Indeed, mineralized environments, such as
basaltic rock samples, contain chemical and physical factors that interfere with DNA
extraction and amplification (Herrera and Cockell, 2007). For example, microbial cells can
be encased in a physical matrix such as minerals, making cells inaccessible to the lysis.
Also, certain spores, microbial cells or biofilms can be resistant to lysis because of their
cell-wall composition, especially in extreme environments (Alain et al., 2011). Those two
factors greatly decrease the lysis efficiency during DNA extraction and therefore the DNA
yield. The absorption or binding of DNA to minerals or other elements can also limit the
ability to extract DNA from basaltic rock samples, decreasing the DNA yield and affecting
its purity (Barton et al., 2006; Herrera and Cockell, 2007; Direito et al., 2012; Yu et al.,
2013). For instance, the absorption of DNA on clay minerals, that are abundant in such
samples, has a strong impact on the efficiency of DNA extraction. In addition, the presence
of enzymatic inhibitors in the rock (e.g., humic substances, metallic ions or some cations)
affects enzymatic reactions. These can inhibit polymerase activity during DNA
amplification (Dong et al., 2006; Kallmeyer and Smith, 2009). The cell density in a sample
can also be challenging, being very low in subsurface environments, because contaminant
DNA from the laboratory or from elsewhere can easily be amplified in a similar quantity to
the DNA endemic to the environment, having a greater impact on the results (Barton et al.,
2004).

Thus, a method to extract DNA from such samples must be optimized to improve the yield
of DNA extraction, limit the biases mentioned above and obtain a correct representation of
whole microbial communities in the environment (Cruaud et al., 2014). Nowadays, no
standardized method is established for extracting DNA from a mineralized environment
and multiple methods, including the use of commercial DNA extraction kits, were tested
and compared over the years (Barton et al., 2006; Herrera and Cockell, 2007; Direito et al.,
2012). To minimize the impact of minerals and inhibitors during DNA extraction, a
strategy consists of separating the microbial cells from the mineral matrix before the cell
lysis and DNA purification. However, this method takes time, increases the chance of
contamination and often leads to low extraction efficiency (Kallmeyer et al., 2008; Morono
et al., 2013). Direct DNA extraction on the rock samples, on the other hand, yields more
DNA and is more representative of the environment, compared to the indirect method
(Luna et al., 2006; Alain et al., 2011). This method is quicker and allows higher sample
throughput. Different approaches of direct DNA extraction have been described in the
literature (Webster et al., 2003; Luna et al., 2006; Direito et al., 2012; Lever, Torti, et al.,
2015; Natarajan et al., 2016). Usually, DNA is directly extracted from the rock samples
using one or different types of lysis methods combined with typical extraction methods
using either commercial kits (e.g., DNeasy® UltraClean® DNA Isolation kit, DNeasy®
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PowerSoil® DNA lIsolation kit, DNeasy® PowerMax® Soil DNA Isolation kit, Qiagen) or
optimized phenol-chloroform methods (Boivin-Jahns et al., 1996; Direito et al., 2012; Hurt
et al., 2014). Lysis methods can be based on mechanical disruption (freeze/thaw cycles,
bead-mill homogenization and/or sonication), chemical (detergents such as guanidium
hydrochloride, sodium dodecyl sulfate (SDS) or Triton-X100 at different concentrations)
or enzymatic approach (lysozyme, proteinase K).

To access microbial cells that are encased in minerals, different methods were tested such
as the grinding samples with a sterile mortar and pestle (Barton et al., 2006; Postec et al.,
2015) or using a cryogenic mill (Lipp et al., 2008; Alain et al., 2011), which chill samples
in liquid nitrogen and pulverize them with a magnetically driven impactor. Absorption
problems have been addressed by using competitor molecules to saturate adsorption sites
in clay-rich samples. Indeed, it has been suggested that the addition of a solution of
phosphate buffer/15% ethanol (pH8) helps to overcome the problem related to the
absorption of DNA on minerals (Direito et al., 2012; Lever, Torti, et al., 2015). Phosphate
groups bind competitively with DNA to clay and successfully decrease the amount of
nucleic acid adsorbed on clay minerals (Direito et al., 2012; Lever, Torti, et al., 2015).
Also, using ethanol at high concentrations affects the physical properties of the DNA,
which changes its conformation (Fang et al., 1999). Linear DNA adsorbs more on minerals
than when it is forming complex structures such as supercoiled plasmids. This is due to the
availability of free phosphate groups that is higher in linearized DNA, binding more
strongly than supercoiled DNA (Melzak et al., 1996; Poly et al., 2000). In addition, the pH
can change the attraction between positively charged DNA and negatively charged clay
minerals (Cai et al., 2006) and the adsorption of DNA to clay minerals increases with
decreasing pH (Greaves and Wilson, 1969). Thus, at pH 8, adsorption to clay is reduced
(Saeki et al., 2010). Likewise, the utilization of binding agents or cation chelators (e.g.,
EDTA) before the cell lysis could also prevent the adsorption of DNA to the mineral
matrix. In addition to the DNA extraction, 16S rRNA gene amplicon sequencing results
can be greatly biased by sequencing-preparation steps, primers and PCR amplification,
sequencing errors, sequencing length and assignment errors (Poretsky et al., 2014).

Since extracting and sequencing environmental DNA from rock samples is a real challenge
due to the low biomass, the adsorption of cells to minerals and the frequent co-extraction
of enzymatic inhibitors (Herrera and Cockell, 2007; Direito et al., 2012; Lever et al.,
2015b), different DNA extraction methods were tested before proceeding to the DNA
extraction of the drill core samples extracted from the subsurface of Surtsey island in 2017.
The method that achieved the highest DNA yield was then optimized.

While no statistical approach was performed to support the results, the first method seemed
to give a better DNA vyield than the others (see section 3.2.1). However, oxidation of the
phenol was observed with the first DNA extraction method, which produced a pink/brown
compound. As it can cause the degradation of the DNA, the use of reductants such as -
mercaptoethanol that could prevent phenol oxidation was tested but was unsuccessful
(Lever et al., 2015b). In addition, white and viscous pellets were observed after DNA
precipitation, indicating that the purity of the samples had been compromised (e.g.,
contaminating humic acids, metal ions). No PCR amplification could be obtained from the
DNA samples using the first method, reinforcing the previous observation. Therefore, the
method using PCI was abandoned. The second and third methods seemed to give
equivalent results. More tests were performed to optimize the method, including the
addition of reductants, polyethylene glycol ([30% PEG 6000 and 1.6 M of NaCl] for better
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DNA precipitation, the utilization of Freezer/Mill to obtain thin powder and the addition of
BSA (Bovine serum albumin) to the PCR master mix to get better amplification.

The final method selected to extract the SE-02B drill cores is described in detail in the
Paper 1. It considered challenges related to the encasement of the microbial cells in a
physical matrix (Freezer/Mill cryogenic grinder), cell resistance to lysis (bead-beating in
addition to the lysis solution provided by the kit), DNA absorption on clay minerals
(Phosphate-ethanol solution at pH 8) and PCR inhibition (addition of BSA to master mix).
A low concentration of DNA was obtained for all the samples with a ratio of absorbance at
260 nm and 280 nm below 1.8, indicating the presence of impurities (Table 5).
Nonetheless, amplifications of the 16S rRNA genes were successful.

Table 5. DNA concentration obtained after extracting 159 of each SE-02B drill core (Bergsten et al., 2021).

. . DNA DNA
sampling Collection Collection concentration concen_tratlon
Sample date Depth (m Tsmp Nanodrop 260/280 260/230 Qubit (ds
b.s.) (°C) (ng/ul) DNA HS)
(ng/ul)
C4 8/22/2017 23 20 181,61 1,42 1,24 0.172
C9 8/22/2017 35 36 196,47 1,44 1,15 0.143
C13 8/22/2017 44 59 202,15 1,33 1,56 0.16
C17 8/23/2017 55 82.5 137,89 1,43 1,51 0.105
c22 8/23/2017 65 101.5 115,60 1,46 1,59 0.408
ca7 8/23/2017 78 114 204,83 1,42 1,25 0.11
C33 8/24/2017 93 123 202,74 1,38 1,16 0.089
C36 8/24/2017 102 124 202,32 1,41 1,21 0.157
C39 8/24/2017 111 121.5 197,72 1,35 1,35 0.149
C42 8/24/2017 120 116 57,15 1,43 -5,06 0.17
C45 8/24/2017 130 107 171,05 1,40 1,24 0.15
C49 8/25/2017 139 97 168,91 1,41 1,21 0.109
C52 8/25/2017 148 84 180,71 1,44 1,21 0.104
C55 8/25/2017 157 64 97,89 1,44 2,21 0.06
C59 8/25/2017 166 55 148,14 1,43 1,40 0.095
C62 8/25/2017 175 445 178,08 1,42 1,22 0.129
C65 8/25/2017 181 37 203,00 1,40 1,19 0.13

m b. s.: meters below surface

4.3 Microbial Diversity Analysis

Since the early days of deep biosphere research, studying life in the subsurface has been
challenging, mainly due to the relative difficulties in obtaining samples. Therefore, initial
investigations into the subsurface consisted of the collection of fluid samples from caves,
mines, and oil wells or geothermal and hydrothermal places that can be viewed as “open
windows” to the subsurface such as hot springs or hydrothermal vents. The early
investigations focused on microscopic investigation and cultivation approaches (Zobell,
1947; Stetter et al., 1993). For 30 years of research in deep life science, many drilling
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projects have increased access to subsurface environments and have allowed the collection
of solid samples in terrestrial and marine environments. Besides advances in sample
collection, the study of microbial communities in their environment has progressed due to
the development of new instruments and methodologies in several domains, such as
cultivation, microscopy, and, most notably, molecular analysis. The rapid progress in next-
generation sequencing technology with the simultaneous development of bioinformatic
tools has allowed the discovery of a high number of previously unknown prokaryotic
lineages (e.g., Candidatus Desulforudis and Altiarchaeales) and has provided critical
information to start to unravel the ecological interactions and metabolic networks of the
subsurface microbial communities. Indeed, subsurface biosphere research is closely linked
with geomicrobiology and environmental microbiology, which aim to study the diversity,
structure, functions, and interactions of microbial communities with their environment.
Microbial communities are defined as multi-species assemblages of microorganisms
coexisting and interacting with each other and their environment (Konopka, 2009). In the
subsurface, microorganisms play a significant role in the geological and geochemical
processes that shape the environment, for example, through processes such as
bioweathering of rocks and minerals, biodegradation of organic substrates and
biomineralization (D’Hondt et al., 2019b). Understanding the role of subsurface
microorganisms in their environment, such as how they affect global biogeochemical
cycles, requires quantifying the extent, diversity, and activity of subsurface microbial
communities. Different methods are used to study the subsurface biosphere, including
microscopic investigations, culture-dependent and -independent methods. However, these
methods have limitations and thus it is of crucial importance to use them all together to
obtain a better representation of the studied microbiome.

4.3.1 Culture-Independent Studies

Due to developments in NGS technologies associated with bioinformatics tools, the use of
culture-independent approaches has expanded significantly in the last 15 years to research
unculturable microorganisms without isolating them and to study microbial communities in
their habitats. These have allowed researchers to approach important questions in microbial
ecology, in particular, “How to assess species diversity?”, “What species are present in a
particular environment?” and “What are the functions that each species performs?”. The
first step to answering these questions is to obtain DNA for sequencing, a process that can
be challenging in low biomass and mineralized environments. After this crucial step, the
microbial community diversity, composition and function can be assessed using two
different methods: (1) Amplicon sequencing or (2) Shotgun metagenomics. In the first
approach, primers target and amplify specific regions of interest of the DNA from
microbial communities such as, for example, the 16S rRNA gene of prokaryotes. Shotgun
metagenomics, the second approach, involves the sequencing of the total DNA from
microbial communities, allowing the reconstruction of large fragments of DNA or even
complete genomes.

Microbial Diversity and Species Richness

Species richness refers to the number of species in a microbial community and is the most
basic way to characterize and measure a microbial community. However, species richness
is not the sole factor that determines the diversity. To measure the unequal representation
of species in communities, the concept of evenness or differential abundance is required. It
is the description of a community's abundance distribution across species (Simpson, 1949).
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When comparing two communities with the same number of species (same species
richness) but different abundances, the more diverse community is the one with the same
abundance of all species. As a result, species diversity is defined as the number of different
species (richness) in a particular ecosystem, combined with the relative abundance of
individuals within each of those species (Figure 15).
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Figure 15. Microbial diversity, richness and evenness.

More metrics have been adapted to analyze the genetic information recovered directly from
environmental samples in order to better describe and compare microbial communities. It
includes the alpha (o), beta (B), and gamma (y) metrics (Krebs, 2014). Alpha diversity
measures a community's diversity in a sample (observed richness or evenness), beta
diversity measures the variability in community composition (the identity of taxa
observed) among samples, and gamma diversity measures the habitat's entire diversity,
which comprises many different communities (total observed richness of all samples
within in a habitat).

Nevertheless, processing, analyzing and statistical interpreting data from 16S rRNA gene
amplicon sequencing is challenging (Weiss et al., 2017). One concern is related to the
library sizes. The microbial community of each sample is represented by the number of
reads after sequencing, which can vary dramatically between samples. For this reason, the
data cannot be directly compared because it reflects the differences in sequencing
efficiency, even within a single sequencing run, rather than genuine variations in microbial
communities (McMurdie and Holmes, 2014). Due to the variation in library size, two
replicates with different numbers of reads are likely to have different read counts for
certain sequence variants. These differences in library size could be caused by different
amounts of loaded DNA for sequencing, DNA extraction or amplification biases. While
parametric tools can provide a statistically complete framework for differential abundance
analysis, normalizing library sizes is often required to compare amplicon sequencing data
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and acquire meaningful results from the analysis. Rarefaction is a normalization tool that
allows sample comparison without the bias caused by differences in library size by
correcting it across samples and excluding sequences from larger libraries, resulting in all
samples having the same, smallest size. However, rarefaction is statistically criticized
because it gives only a snapshot of the microbial community by randomly eliminating a
part of the observed sequences, which results in a loss of information and precision
(McMurdie and Holmes, 2014).

In the alpha diversity assessment, rarefaction curves are used as a statistical approach to
estimate the maximum species (or ASVs) number observed in a sample to determine the
adequacy of the sequencing depth and to compare the samples with different sizes (Heck et
al., 1975). Other statistical estimators can be used to measure diversity, such as the
Simpson index (Simpson, 1949) and the Shannon index (Shannon, 1948). The taxa
abundance for the final richness estimation differs between the Simpson, giving more
weight to species with more frequency in a sample, and the Shannon indices, giving more
weight to rare species, respectively (Krebs, 2014).

A general mistake in microbiome analysis approaches is to presume that sequencing data is
equal to ecological data. In a high-throughput sequencing run, however, the total read
count is fixed, representing a random sample of the relative abundance of DNA in the
ecosystem, and is not the absolute abundance of DNA in the input sample. When
microbiome datasets are transformed to relative abundance values, normalized counts, or
rarefied before analysis (McMurdie and Holmes, 2014; Weiss et al., 2017), this is
implicitly admitted but there is no expected link between absolute abundance in the
environment and relative abundance after sequencing. Thus, the compositional nature of
the data needs to be addressed adequately when analyzing data from 16S rRNA gene
amplicon sequencing using compositionally-appropriate tools (Gloor et al., 2017).

The data set described in Paper | was obtained by 16S rRNA gene amplicon sequencing,
therefore it is compositional. As a result, the analytical approaches (e.g., rarefaction,
normalization) and statistical methods (e.g., ANOVA) employed to investigate microbiome
data can possibly influence the results and lead to false discovery rates (Gloor et al., 2017).
This can result in a lack of consistency in microbiome research as well as
misinterpretations of microbial community structures (e.g., alpha diversity). Nonetheless,
variations in alpha diversity values among sample types (fumarole, borehole fluid, drill
core and seawater samples) were evaluated using ANOVA and Tukey's HSD (Honestly
Significant Difference) test. Before performing a non-metric multidimensional scaling
(NMDS) ordination on Bray-Curtis dissimilarities for beta diversity analysis, the data were
normalized using the "rarefy even depth" function. Permutational multivariate analysis of
variance (PERMANOVA) using distance matrices and multilevel pairwise comparison was
used to examine the importance of the sample type variable (Martinez Arbizu, 2020).

Amplicon Sequence Analysis

Amplicon sequence analysis, “metabarcoding” or “metaprofiling” are three terms that refer
to the analysis of all organisms in a microbial community based on one gene or marker.
Historically, ribosomal RNA genes were chosen as molecular markers for taxonomy or
phylogenetic purposes because it is found in all organisms (Woese and Fox, 1977). One
type of amplicon sequencing, the 16S rRNA gene sequencing targets a region of the small
ribosomal subunit rRNA gene which is highly conserved between different species of
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bacteria and archaea, implying that this type of sequencing can only identify these types of
microorganisms.

The process of 16S rRNA gene amplicon sequencing, which involved platforms such as
the Illlumina MiSeq, includes a few steps: DNA extraction from the samples, PCR
amplification of targeted hypervariable regions of the 16S rRNA gene, addition of
molecular ‘barcodes’ to each DNA sample, clean-up of the amplicon to remove impurities,
normalization to pool the samples together in equal proportions, quantification of the
library and sequencing. The output of 16S rRNA sequencing provides sequence reads that
can be analyzed using several basic bioinformatic steps, which when combined together
are known as ‘pipelines’. These bioinformatic pipelines remove sequencing errors and
uncertain reads to ‘clean’ the data. Then, the good quality reads are aligned to microbial
genomic databases to identify bacteria and archaea that are present in the samples. Several
16S sequencing pipelines are available, such as QIIME2, MOTHUR, USEARCH-
UPARSE, DADA2 (Figure 16) (Schloss et al., 2009; Caporaso et al., 2010; Edgar, 2013;
Callahan et al., 2016).
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Figure 16. Overview of a standard amplicon workflow (from https://astrobiomike.github.io/amplicon/).

Recently, metabarcoding has shifted from Operating Taxonomic Units (OTUs) clustering
to Amplicon Sequence Variant (ASV) approach (Callahan et al., 2017). OTUs are defined
as a cluster of sequences with sequence identity greater than a certain threshold, which is
commonly set at 97%. On the other hand, ASV workflows divide the reads based on error
models to correct sequencing errors while also accounting for abundance and sequence
similarity (Callahan et al., 2017). ASV calling increases the taxonomical resolution of the
results by detecting the small biological sequence variants. It discards technical errors that
are introduced by the library preparation or sequencing technology.
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The 16S rRNA gene is widely represented in databases since it has been used as a
phylogenetic marker for a long time, thus, it allows the taxonomic annotation of almost any
microorganisms present in a sample to some extent. Some database examples are
Greengenes (DeSantis et al., 2006), and Silva (Quast et al., 2013).

After the species level taxonomic annotation, functional information can be predicted.
Taxonomical information is retrieved by extrapolating the functional annotation of related
reference genomes (De Filippo et al., 2012). For example, the software PICRUSt (Langille
et al.,, 2013) connects the taxonomic classification from metaprofiling results with
metabolic information and gives ‘predicted’ functional profiles of the samples.

Paper | examined the diversity and distribution of microorganisms in subaerial and
submarine basaltic rocks and fluids from Surtsey using 16S rRNA gene amplicon
sequencing. To study the true residents of the subsurface, we first reported our strategy to
access microbial contamination from the drilling fluids to the subsurface. In addition, DNA
extraction controls were also carefully performed as the risk of introducing contaminating
DNA from reagents is high in a low biomass environment and can critically interfere with
downstream analyses. Both methodological and computational strategies were developed
during the analyses of the data to distinguish endemic microbial taxa of subsurface rocks
from potential contaminants from the laboratory and the drilling fluids. Since
contaminating DNA was present in the drill cores, no significant differences were observed
in the DNA concentration function of the depth, which could have been informative about
the cell concentration.

Nonetheless, our study revealed diverse microbial communities in the drill core, associated
fluids and fumarole samples, revealing rapid microbial colonization in the newly formed
oceanic crust. Many lineages detected in this study were unknown. The microbial
communities from those habitats (basaltic rock vs fluids) were distinct from each other, as
well as different from those detected in seawater samples collected at the time of drilling
25 km offshore of the island. While various taxa detected in the SE-01 borehole fluids
collected one year before the drilling operation were closely related to lineages previously
reported in hydrothermal and deep subsurface environments, the presence of marine
microorganisms (e.g., Halomonas, Pseudoalteromonas, Sulfitobacter, Shewanella)
demonstrates that the infiltration of seawater transports marine microorganisms into the
subsurface of Surtsey and its hydrothermal system. Microbial dispersion and adaptation to
the harsh conditions occurring in the subsurface have probably driven its colonization. In
addition, a distinction was observed in microbial communities from the subaerial and
submarine deposits, where the environmental conditions are different, with vapor
dominating above the coastal sea level and seawater dominating below (~58 m b. s.). The
subaerial tuff is saturated with sea salt, which induces a rise in pH due to basaltic glass
dissolution. At that alkaline pH and high NaCl concentration, taxa that are usually reported
in alkaline and saline habitats were detected. This includes the genera
Thioalkalimicrobium, Ectothiorhodospira, and Salinarimonas. The transfer of live cells
from the zone of tidal flux and upper submarine deposits to the deeper submarine deposits
is hardly possible because of the high temperature, acting as a dispersal barrier (>120°C;
110 m b. s.). In the deeper submarine deposits, microbial communities were similar to the
ones detected in the seawater samples, where marine organisms are dominant (~50°C; 190
m b. s.). Although our study supports the dominance of bacterial lineages in marine basalts
and associated fluids, many archaeal clades were detected (e.g., Thermococcus).
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Furthermore, our predictive functional analyses based on taxonomic identifications
detected by 16S rRNA gene sequence analysis suggest that the Surtsey subsurface
microbiome is composed of heterotrophs, using organic carbon transported by the surface
or the seawater inflows, and chemolithoautotrophs that can use dissolved inorganic carbon
(DIC), such as CO,, and inorganic compounds for their energy (e.g., sulfate reduction,
sulfur oxidation) (Figure 17). At 157 m b. s., the sample C55a was dominated by the
archaeal genus Methanobacterium from the order Methanobacteriales and genes involved
in the methanogenesis from H;, and CO;, biosynthesis of coenzymes B and M suggest an
active methane cycle at that depth (Figure 17b). The microbial communities from the
subsurface of Surtsey might, to a certain degree, also participate in the depletion of some
elemental concentrations (e.g., DIC, SOy4) previously reported in the borehole fluids in
comparison with the seawater concentration (Kleine et al., 2020), and could have a
significant impact on the global biogeochemical cycles.

Shotgun Metagenomics

Shotgun metagenome sequencing, unlike 16S sequencing, which exclusively targets 16S
rRNA genes, sequences genomic DNA randomly from a sample. During sequencing, the
DNA is broken into many short fragments. The sequences of these fragments of DNA are
then assembled back together using bioinformatic tools to determine both the taxa and
genes present in the sample. It gives more information than 16S sequencing, as it allows a
better taxonomic resolution (16S is generally limited at the genus level) and coverage (all
taxa, including eukaryotes and viruses). It allows the reconstruction of genomes and the
identification of microbial genes that are present in the sample, which provides additional
information about the functional potential of the microbiome.

The process for metagenome sequencing is somewhat different from 16S rRNA
sequencing. After the DNA is extracted from the sample, it is cleaved and tagged by a
process called tagmentation. Fragmented and tagmented DNA is, then, cleaned to remove
impurities. After tagmentation, PCR is performed, with index primers that uniquely index
the samples, and amplifies the final library. Then, the unwanted large and small fragments
are removed from the library that is subsequently purified, quantified and sequenced.

Shotgun sequencing reads require more complex bioinformatic methods than 16S rRNA
sequencing outputs in order to analyze the results (Figure 18). The first step usually
consists of removing human-related DNA sequence reads using tools such as Bowtie2 and
SAMtools (Li et al., 2009; Langmead and Salzberg, 2012). Shotgun metagenome
bioinformatic pipelines perform quality filtering steps after which the cleaned sequence
data can either be assembled or not. Read-based analyses consist of aligning the quality
reads to databases of microbial marker genes, which provide taxonomic (using pipelines
such as MetaPhlAn) and functional (HUMAnNN) profiles (Beghini et al., 2021). On the
other hand, reads can be assembled to contigs to reconstruct full microbial genomes or
Metagenome-Assembled Genomes (MAGSs) using metagenomic assemblers, such as
Megahit (Li et al., 2015, 2016) or SPAdes (Bankevich et al., 2012; Nurk et al., 2013) and
metagenome binning tools, such as CONCOCT (Alneberg et al., 2014) or MetaBAT?2
(Kang et al., 2019). MAGs refer to a group of scaffolds with similar characteristics from a
metagenome assembly that represent the microbial genome (Yang et al., 2021). Many tools
and pipelines exist to do downstream analyses to annotate MAGs. For example, tools
involved in gene identification and annotation (e.g., Prodigal (Hyatt et al., 2010)),
functional annotation (e.g.,, MG-RAST (Keegan et al., 2016)), taxonomic classification

52



(e.g., HMMER (Eddy, 2011) with GTDB-Tk (Chaumeil et al., 2020)), and profiling MAG
abundance (e.g., Kaiju, Kraken2, Bracken (Menzel et al., 2016; Lu et al., 2017; Wood et
al., 2019)).
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Figure 18. Overview of a standard metagenomic workflow (from https://astrobiomike.github.io/genomics/).

Metagenomics enable the discovery of new genes and proteins, as well as the entire
genomes of non-cultivable organisms, in less time and with greater precision than
traditional microbiological and molecular approaches. However, in the field of
metagenomics, there are no universal methodologies or instruments and the lack of
standards makes metagenomics a case-by-case research, limiting both reproducibility and
comparison between similar projects. Census of Deep Life (CoDL) du Deep Carbon
Observatory (DCO; https://deepcarbon.net/tag/census- deep-life) aims to finance the
sequencing of genomic DNA of microbial communities from deep or extreme
environments. The implementation of standard methods of metagenomic analyses would
greatly help the comparison of subsurface microbial communities.

Shotgun metagenomes obtained from the subsurface of Surtsey were analysed. The quality
of the reads was assessed using FastQC (Andrews, 2010). Reads were quality-filtered
using iu-filter-quality-minoche (Minoche et al., 2011). The number of read pairs obtained
after being quality-filtered was 6867738, 15189727 and 16234791 for SurW, SurCl and
SurC2, respectively (Table 5). Reads mapping on the human genome GRCh38 (hg38) were
removed using bowtie2 v 2.4.5 (Langmead and Salzberg, 2012). Percentage of read pairs
kept after human contamination removal was 22.95%, 98.14% and 94.35% for SurW,
SurC1 and SurC2, respectively (Table 6).
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Table 6. Quality assessment of the reads obtained by shotgun metagenome sequencing.

SamplelD Surw SurCl SurC2

number of pairs analyzed 7,439,428 16,506,789 17,566,354

number of pairs passed | 6,867,738 (%92.32 of all | 15,189,727 (%92.02 of 16,234,791 (%92.42 of
after quality-filter pairs) all pairs) all pairs)

number of pairs

unmapped with hg 1,576,696 (22.95%) 14,907,485 (98.14%) 15,318,703 (94.35%)
(bowties2)
Sequence length 27-151 27-151 27-151
%GC 43 52 54

Sequences classified
with kraken2 on 769,250 (48.79%) 3,377,025 (22.65%) 6,048,382 (39.48%)
unassembled reads

For classifying reads from the metagenome samples, the Kraken2 software (v2.1.2) was
employed (Wood et al., 2019). The database used was
minikraken2_v2_8GB_ 201904 UPDATE, which has been built from the Refseq bacteria,
archaea, and viral libraries and the GRCh38 human genome. All classifications were
performed using default settings in Kraken2, -paired option being performed directly from
the R1 and R2 quality-filtered and human-sequences-removed reads. The Bracken
(Bayesian Reestimation of Abundance with KrakEN) software (Lu et al., 2017) was used
to statistically re-estimate the abundances at the species level of the taxonomic assignments
made by Kraken2. KrakenTools was used to merge the kraken2/bracken profiles (Lu,
2021) and the auxiliary visualization tool hclust2 was used to generate the heatmap
(parameters:  --f dist f correlation and --slinkage complete) available at
https://bitbucket.org/nsegata/hclust2.

SurW was dominated by reads mapping with Streptococcus mitis (18.42%), Streptococcus
pneumoniae (13.7%), Haemophilus parainfluenzae (8.79%), Streptococcus sanguinis
(8.7%) and Neisseria subflava (5.9%). Reads from SurC1 were mapping with Escherichia
coli (27.95%), Ralstonia pickettii (14.67%), Marinobacter sp. LQ44 (7.565), Alteromonas
stellipolaris (4.75%) and Delftia acidovorans (2.8%). SurC2 was dominated by reads
mapping with Escherichia coli (29.23%), Ralstonia pickettii (15.88%), Delftia acidovorans
(9.06%), Delftia sp. Cs1-4 (6.25%), Delftia sp. HK171 (5.70%), Bradyrhizobium sp. SK17
(4.49%) and Cutibacterium acnes (2.87%) (Figure 19). Since most of these taxa are related
to the human microbiome such as found in the oral cavity, the gut or on the skin, we
concluded that the samples were contaminated. Very few reads were assigned to archaea
(Figure 20). MetaPhlAn3.0 was used as a complementary method to confirm the
taxonomic profiles (Beghini et al., 2021).
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MetaPhlAn taxonomic profiles confirmed that the metagenomes were mainly composed of
contaminants and no archaea were detected. Therefore, no functional profiles were
performed on the reads. Quality-controlled reads were assembled individually using
MegaHIT (Li et al., 2015, 2016). Only contigs with a minimal length of 1000 bp were kept
for analyses. Reads were mapped against filtered contigs using Bowtie2 (Langmead and
Salzberg, 2012) and contigs binning was performed using MetaBAT2 (Kang et al., 2019).
CheckM was used to assess the quality of the bin (Parks et al., 2015). However, no MAGs
passing the MIMAG standard threshold (MQ: completeness >= 50% and contamination <
10%, HQ: comp. >90% and conta. <5%) were obtained from non-human-related bacteria.

As previously discussed, introducing a small amount of contaminating DNA in a very low
biomass sample has a high impact on the sequence output. The many steps during the DNA
extraction, as well as the library preparation, increase the chance of introducing
contaminated DNA into the samples.

4.3.2 Culture-Dependent Studies

A recent global study on bacterial and archaeal diversity based on the OTUs approach
estimated that the number of prokaryotic species on Earth is around 2.2—4.3 million (Louca
et al.,, 2019). Yet, using standard cultivation techniques or common media and culture
conditions, the vast majority of prokaryotes remain uncultivable or “yet to be cultured”
(Amann et al., 1995; Hugenholtz et al., 1998; Rappé and Giovannoni, 2003; Steen et al.,
2019). The current number of prokaryotic species with validly published names is around
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21 thousand (Hugenholtz et al., 2021). The cultivated microbes, which account for less
than 2% of the estimated total on Earth (Steen et al., 2019; Martiny, 2020), are frequently
found in low abundance in the environment and hence do not represent key players in the
global metabolism of an ecosystem (Pace et al., 1986). More than 70% of cells in the
subsurface belong to uncultured clades, therefore their physiologies and ecological
consequences are mostly unknown (Lloyd et al., 2018; Wu et al., 2020). Microbiologists
have been unable to adequately examine the roles and functions of microorganisms in
subsurface ecosystems due to difficulties in microbial cultivation in the laboratory.
Although some studies have been successful in cultivating and isolating microbial taxa that
are abundant in their ecosystem (Giovannoni et al., 2005a; Giovannoni et al., 2005b;
Hahn et al., 2012), diversity studies based on culture-dependent methods drastically
underestimate the actual diversity of bacteria present in an ecosystem. Archaea are far less
cultivated in the lab than bacteria. This limits research since the cultivation and isolation of
bacteria and archaea are essential experimental tools for studying physiology, genetics,
metabolism, and ecology. In addition, bacteria generate a significant number of novel
molecules and thus unculturable subsurface microorganisms represent a
massive unexplored source of compounds (e.g., primary metabolites, enzymes, antibiotics)
and their biotechnological potential can only be fully accessed through isolation and
characterization. Therefore, the development of more effective cultivation methods is
critical.

The standard method for cultivation and isolation of "readily" cultivable microorganisms
(Kell et al., 1998) involves direct plating of the environmental samples on agar plates
(Stewart, 2012). These samples can be liquid (e.g., freshwater, seawater) or solid (e.g., soil,
rocks). Standard media commonly used to cultivate marine and freshwater/soil
microorganisms include Marine Agar (ZoBell, 1941) and R2A Medium (Reasoner and
Geldreich, 1985), respectively. After a few days of incubation, colonies may be growing
on the plate, with distinct colors or morphologies, which can indicate the presence of
different taxa. The next step of the general workflow is isolation, which involves the
physical separation of a microorganism from the rest by, for example, transferring a single
colony to a different plate (Figure 21). However, this method favors fast-growing
microorganisms while neglecting the slow-growers that may be more ecologically relevant.

Other approaches for cultivating and isolating specific microorganisms have been
developed and were proved to be successful. These include new media formulations and
their optimization, enrichment for specific groups of microorganisms using oligotrophic or
selective media, specific incubation conditions (e.g., temperature, pH, presence or absence
of oxygen), and pre-treatment of the inoculum (e.g., antibiotics). Over the years, many
media compositions have been designed to target various microorganisms based on their
physiological characteristics (Atlas, 2010). Enrichment cultures are frequently used to
increase the number of cells of specific types of microorganisms present in low abundance
in the original samples. Those enrichments are normally carried out in liquid media that are
more or less specific, and then an aliquot is employed as inoculum on agar plates that are
suited for the microorganisms being studied.

Various procedures, such as transferring a colony to liquid media and plating different
concentrations of dilution on agar, can be used. The dilution-to-extinction method
performs several dilutions in liquid media until the last dilution generates no growth,
allowing the most abundant organisms in a sample to be cultured (Button et al., 1993).
Although this method does not work for the less abundant microorganisms in a sample,
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when applied as a high-throughput culturing procedure, it has been successful in isolating a
few bacterial lineages that were previously uncultured and only detected by sequencing
(Connon and Giovannoni, 2002). A good example is the successful isolation of SAR11
clade bacteria from saltwater, such as Pelagibacter ubique (Rappé et al., 2002). The
filtration-acclimatization method (FAM), microscale manipulation systems, and
fluorescence-activated cell sorting (FACS) are some of the other isolation techniques.
While the FAM physically separates cells by using a filter with different pore sizes to
exclude the fast-growing cells (Hahn et al., 2004), manipulation systems and FACS
identify a single prokaryotic cell from a mixed population, based on distinct characteristics
and isolate it from the rest. The FACS sorts cells based on morphological (shape, size,
granulometry) or fluorescence characteristics (Akselband et al., 2006; Cellamare et al.,
2010; Poniedzialek et al., 2017). Single cells can beisolated from the microbial
community using micromanipulator techniques such as optical tweezers (Zhang and Liu,
2008) or laser microdissection (Frohlich and Konig, 2000). These are based on
morphological characteristics of the cells as well, but they are under direct visual control.

Other methods, or a combination of different methods, can be used to obtain pure cultures
of unknown species that contain specific 16S rRNA gene sequences previously detected in
the environment. Fluorescence in situ hybridization (FISH) is a technique that uses labeled
DNA probes to for example target the rRNA of specific taxonomic groups (Pernthaler et
al., 2001; Pernthaler and Pernthaler, 2007). Previously uncultivated archaea were
successfully isolated using a combination of optical tweezers and visual recognition of
single-cell staining after in situ hybridizations of an enrichment culture with fluorescently
labeled DNA probes, which were targeting an archaeal-specific region within the 16S
rRNA gene sequence (Huber et al., 1995). The live-FISH approach combines FACS and
FISH to select and cultivate specific taxonomic groups of bacteria from a community,
necessitating protocol improvement, such as omitting fixation, centrifugation, and using
buffers optimized for cell survival (Batani et al., 2019). However, those techniques
necessitated the use of sophisticated equipment.

The next step of cultivation and isolation is the maintenance of the culture (Figure 21).
Indeed, subcultivation and optimal culture maintenance are important aspects of effective
microorganism cultivation. In many circumstances, the first subcultivation fails, and the
strain can be lost. For example, trace micronutrient substances or nutrients originally
present in the samples that are essential for growth can vanish after the first transfer to a
new medium. There is a difference between temporary cultivation and a successful
subcultivation with the maintenance of the strain. These are crucial for the investigations of
cultivated microorganisms for their physiological and taxonomic characterization,
especially for the description of novel species and the deposition of strains in public culture
collections. To validly name a new species of prokaryote, it is nowadays a mandatory
requirement to proceed to the deposition of a culture of the type strain in two different
public collections in at least two different countries (Tindall et al., 2010). If not, some
journals such as the International Journal of Systematic and Evolutionary Microbiology
(IJSEM) do not accept publishing the taxonomic description and the requirements such as
for the phenotypic characterization of the proposed species are very strict.

Even with the advancement of new technology, most environmental microorganisms
remain refractory to laboratory cultivation. Various factors can make cultivation attempts
unsuccessful such as insufficient care during sampling, transportation, and wrong storage
of the samples used as inoculum. Also, inadequate cultivation conditions can be due to a
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lack of consideration of the physicochemical conditions of the sampling sites and the
absence of design of new media formulations that would best mimic the ecological habitat
(Alain and Querellou, 2009; Overmann, 2013). Growth inhibition or even death of the cells
due to nutritional shock can occur when microorganisms from oligotrophic habitats are
transferred into nutrient-rich media. The presence of fast-growers and short incubation
time are also factors influencing the success of the culture. Subsurface microorganisms can
be slow growers, making their study in the laboratory fastidious, yet they are metabolically
active and therefore relevant to the environment (Lok, 2015). In addition, the culture and
isolation of certain taxa can also be inhibited by syntrophic relationships, competition,
specific phages, or inhibition amongst microorganisms (Muniesa et al., 2005; Alain and
Querellou, 2009). Often the subsurface microorganisms that live in extreme and
oligotrophic environments depend on each other to survive or need specific conditions to
grow that are difficult to reproduce in the laboratory, making the cultivation, isolation and
subculture of these microorganisms even more challenging. Yet, many subsurface
microorganisms have been successfully cultured, but there are still far too few, and global
efforts should be made to continue in this direction with the application of innovative
methods, such as in situ cultivation that incubate the microorganisms in their natural
environment (Silver et al., 2010; Berdy et al., 2017; Jung et al., 2021a; b). The Candidatus
Desulforudis audaxviator, for example, was successfully cultivated in the laboratory
around 10 years after its genome was retrieved from a deep gold mine in Africa (Chivian et
al., 2008), even though it was thought that the species had not divided for hundreds to
thousands of years (Karnachuk et al., 2019).
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Figure 21. General workflow of isolation and cultivation. The steps outlined in grey comprise what is
commonly referred to as a cultivation process (modified from Hahn et al., 2019).

Culturable diversity from the subsurface of Surtsey

In Paper 11, we evaluated the culturable diversity from the subsurface of Surtsey island.
Different conditions, selective and non-selective media and temperatures (22-80°C) were
used to enrich subsurface microbial communities from borehole fluid, drill core and
fumarole samples. A total of 270 enrichments were tested and 195 bacterial isolates were
successfully cultivated, purified and identified based on 16S rRNA gene sequencing. Most
of the isolated strains were grown under aerobic conditions and in media for heterotrophic
growth. This indicates that the media and conditions tested were ineffective for isolating
archaea and chemolithoautotrophs, although those taxa were detected in the subsurface of
the Surtsey volcano (Paper 1). All isolates belonged to the domain Bacteria and were
grouped within the clades Firmicutes, Gammaproteobacteria, Actinobacteriota,
Bacteroidota, Alphaproteobacteria and Deinococcota. While most of the isolated strains
were found to be closely related to species previously detected or isolated from soil,
seawater, and hydrothermally active habitats, according to phylogenetic analysis, some
potentially represented new species. These included new species of Rubrobacter,
Planococcus, Halomonas, Microbacterium, Polaromonas and one was characterized and
described as a new species, Rhodothermus bifroesti (Paper I11). Comparative analyses
performed between the isolated strains and 16S rRNA gene amplicon sequence datasets
from Paper | revealed that 2.15% of the ASVs detected in the amplicon dataset were
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cultivated. Some of the cultivated genera were not detected with a culture-independent
approach, indicating that they could represent members of the rare biosphere and thus,
cultivation-dependent method could increase the total diversity present in a sample. We
thus emphasized the importance of applying both culture-dependent and -independent
approaches to investigate the microbial diversity of a microbiome. We also discussed
possible improvements to the cultivation methods used, even though it is well known that
recovering and cultivating diverse environmentally relevant microorganisms from the
subsurface remains extremely difficult.

Novel species characterization

Paper 111 was initiated with the isolation of the strain 74017 by A. Mougeolle in the
context of Paper Il, which aimed to study the culturable part of the subsurface microbial
diversity of Surtsey and isolate new species. Of many bacteria isolated, strain 7401 was
selected for characterization because of its low 16S rRNA gene sequence similarity
(~96%) to any other species. Its closest relatives were bacterial species belonging to the
genus Rhodothermus. The only two cultivated species of this genus were Rhodothermus
marinus and Rhodothermus profundi. While R. marinus was isolated in 1988 from
submarine alkaline hot springs in Iceland by Alfredsson and collaborators, R. profundi was
isolated in 2010 from a deep-sea hydrothermal vent in the Pacific Ocean by Marteinsson
and collaborators. The description of this taxa is adding a novel species to the family of
Rhodothermaceae, enabling a better taxonomic classification and comparison within the
order Rhodothermales that contained only ten members. In Paper 111 we proposed the
name Rhodothermus bifroesti of which strain 7401 is the type strain and a viable culture
has been deposited in two publicly accessible service collections in different countries: The
Leibniz Institute German Collection of Microorganisms and Cell Cultures GmbH (DSMZ)
in Germany and the Pasteur Institutes Collection (CIP) in France (strain 7401" =DSM
112103" = CIP 111906").

Figure 22. Rhodothermus bifroesti (bi.froes’ti. N.L. gen. n. bifroesti, named after the burning rainbow bridge
Bifrost in Norse mythology). The species name refers to its thermophilic and iridescent characteristic on agar
plate medium 166, as well as to its origin, the subsurface of Surtsey island.
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The Gram-negative bacteria are rod-shaped, aerobic, non-sporulating, non-motile and of
0.3-0.4 m width and 1.5-7 m length. Colonies of the eight strains appeared circular with
entire margins, 2.5-3.5 um in diameter, flat, translucent and pinkish-pigmented after 3 days
of incubation at 70°C on agar plate medium 166, pH 7.5 and 1% NaCl. Furthermore, they
displayed an iridescent characteristic on agar plate medium 166, exhibiting all spectral
colors ranging from red to blue under the condition of oblique illumination (Figure 22). At
70°C, pH 7-7.5, and 1% NaCl, optimal growth was observed. Based on 16S rRNA gene
sequence similarity (~96%), genomic ANI (~72-73%), and digital DNA-DNA
hybridization (~17%), the type strain, ISCAR-7401", was genetically distinct from its
closest relatives R. marinus DSM 42527 and R. profundi PRI 2902". We also provided a
high-quality ~draft genome for Rhodothermus bifroesti type strain 74017
(DDBJ/ENA/GenBank accession number: JAGKTL000000000).

More effort should be given to isolating species from subsurface habitats in order to test
their limits and adaptive capabilities. In addition, research on microbial life in extreme
environments is of high relevance due to the biotechnological potential of extremophiles,
for example being a source of thermostable enzymes such as amylases, cellulases,
chitinases, pectinases, xylanases, proteases, lipase, and DNA polymerases.

4.4 Biomass Estimation and Microscopic
Investigations

The detection and enumeration of microbial cells are the first steps toward a better
understanding of the extent of the subsurface biosphere. It usually involves fluorescent
dyes such 4',6-diamidino-2-phenylindole (DAPI) (Porter and Feig, 1980), allowing direct
cell counts via microscopic fluorescence observations. A standard procedure to enumerate
microorganisms in a liquid environmental sample consists of filtration through filters,
staining using fluorescent dye and visualization under an epifluorescence microscope
(Lunau et al., 2005). However, cell counting from turbid environments and rocky samples
can be challenging and cell separation methods are needed to isolate the cells from the
mineral matrix. To overcome these challenges, new methods were developed. The
separation methods include, for example, gentle centrifugation and bilayer density
separation, followed by filtration to separate cells from sediment particles (Kallmeyer et
al., 2008) or using flow cytometry to separate the cells from mineral matrices (Patel et al.,
2007) coupled with the utilization of a higher sensitivity DNA dye called SYBR-Green |
(Noble and Fuhrman, 1998) (Morono et al., 2013). Another example is the preparation of a
thin section of the rock sample that is infiltrated by a resin after being dehydrated. The
cells in the rock interior are stained with SYBR-Green | that diffuses inside the resin and
are visualized by fluorescence microscopy (Sueoka et al., 2019).

Using thin sections of rock, spectrometric analyses are also used to characterize microbial
cells and the composition of minerals in the near environment (Yamashita et al., 2019;
Suzuki et al., 2020), for example, using scanning electron microscopy coupled with
energy-dispersive spectroscopy (SEM-EDS) or confocal laser scanning microscopy
(CLSM) coupled with Raman spectroscopy at the micrometric scale (Gérard et al., 2013;
Thomazo et al., 2017). This allows the study of interactions between microbial cells and
the mineral matrix. Nonetheless, it is crucial to evaluate microbial contamination within
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the rock samples before microscopic investigations and make sure that the SYBR-Green |
signals actually originate from microorganisms.

The main limitation in microscopic cell counting methods from mineralized environments
is due to the difficulty to distinguish the cell-derived fluorescent signals from inorganic
material. The choice of the dye is very important since fluorescent molecules can bind to
DNA, RNA and EPS, not specifically staining cells and inducing non-biological
background noise and false-positive signals (Gérard et al., 2013; Escudero et al., 2018).
The fluorescence characteristic of SYBR Green | at different wavelengths allow the
distinction between cell-derived fluorescence signals and nonspecific background
fluorescence signals from minerals (Morono et al., 2009). In addition, some minerals are
auto-fluorescent. It is therefore important to carefully choose the right fluorescent dye and
always have a control sample without any fluorescent dye.

Paper IV originated in the context of the program Jules Verne. The work was performed
in Paris at the “Institute de Physique du Globe de Paris” (IPGP, Paris, France). The project
focuses on microscopic investigations of the SE-02B drill cores through microscopic
methods such as Epifluorescence, Confocal Laser Scanning Microscopy (CLSM) and
Scanning Electron Microscopy (SEM). Challenges related to cell concentration estimation
and the use of fluorescent dyes in a mineralized environment are discussed. The microbial
cell numbers present in the drill cores were estimated to range from 5x10*to 1.36x10° cells
per gram of rock based on DNA content. This study revealed possible biotic structures
whose size, morphology, and fabrics are consistent with extracellular polymeric substances
or EPS-microcolony complexes that are attached to the basaltic substrate. This cell cluster
organization could be an adaptation strategy for microbial survival and protection from the
extreme environmental conditions occurring in the subsurface of the Surtsey volcano.
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5 Conclusions and Perspectives

This thesis aimed at broadening the understanding of the subsurface biosphere hosted in
the basaltic oceanic crust through the study of the Surtsey volcano geothermal system.
Surtsey is one of the world's newest islands, making it an ideal place to study the
subsurface biosphere associated with newly formed basaltic tuff deposits in a still active
seawater-hydrothermal system.

With the coastal sea level located at around 58 m depth, the Surtsey volcano geothermal
system is composed of subaerial and submarine deposits with gradients of temperature
varying from 40°C to 124.6°C in 2017. Its maximum temperature at around 100 m depth
was higher than the presumed thermal limit for microbial growth of 122°C and thus
prevents the transfer of living microorganisms from the upper deposits to the deeper
submarine deposits. In terms of seawater-oceanic crust interactions, the Surtsey submarine
basaltic deposits behave similarly to seamounts in ridge flank systems, where the chemical
composition of rocks and fluids changes and seawater inflows introduce organic matter and
oxygen into the system. Seawater and meteoric water passes through the porous and
permeable crust's cracks and fissures, where it reacts with minerals to modify the chemical
content of the fluid over time and create chemical fluxes that microorganisms can use for
metabolic energy and biomass production. A highly porous zone situated between 143-150
m depth possibly channels cool seawater into the geothermal system, which causes the
temperature of the hydrothermal system to decrease over the years. The Surtsey subsurface
ecosystem is unique due to a singular combination of physico-chemical conditions, which
include the exceptionally young crustal age, temperature gradients, geological settings,
redox conditions, and rapid temporal evolution. These characteristics undoubtedly have a
significant impact on the Surtsey subsurface biosphere.

Surtsey is a protected area and thus permission is needed to collect samples on the island,
which occurs only once per year making the samples rare. Through a collection of diverse
subsurface samples, obtained during the ICDP SUSTAIN drilling operation at Surtsey in
2017, we had the opportunity to explore for the first time the Surtsey subsurface biosphere
and bring evidence on the processes that sustain it. A combination of methods was applied,
providing complementary insights to the study, which included 16S rRNA gene amplicon
sequence analyses, bacterial cultivation and microscopic investigations. Nonetheless, many
challenges arose during this work such as issues related to low biomass that increased the
risk of external contamination, the difficulties in handling the inevitable microbial
contamination from the surface during the drilling operation, the presence of minerals that
generate DNA binding and inhibitions, and issues related to the application of fluorescence
techniques. Indeed, due to the strict environmental protection of the island and the extreme
physico-chemical conditions occurring in the subsurface, no tracer compounds could be
used to track microbial contamination and the cores were drilled using non-sterile seawater
as drilling fluid. Drilling fluid samples were sequenced simultaneously with subsurface
samples, and 16S rRNA gene amplicon sequence analyses allowed the development of
computational strategies to distinguish indigenous microbial taxa of subsurface rocks from
potential marine contaminants present in the drilling fluid.
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Nevertheless, only 50 years after the end of the eruptions, diverse and active microbial
communities were detected in basalt and fluids. The microbial cell numbers present in the
drill cores were estimated to range from 5x10* to 1x10° cells per gram of sample based on
DNA vyield. A range that is consistent with analog but far older crustal environments.
Microbial communities were detected in the subsurface zones crossing the hydrothermal
temperature maximum. Using culture-dependent and -independent approaches, many taxa
inhabiting the subsurface of Surtsey were found to be closely related to species that have
been previously detected in environments such as soil, hot springs, hydrothermal vents and
seawater, suggesting that fluid infiltration (meteorite water and seawater) bring
microorganisms into the subsurface from the surrounding environment. Despite that drill
cores, borehole fluids, steam from fumarole, and seawater samples all hosted significantly
distinct microbial communities, several of the same species were discovered in numerous
samples, suggesting the possible transfer of microorganisms across those ecosystems. The
ability of those microorganisms to possibly adapt to the physico-chemical conditions
occurring in the Surtsey volcano geothermal system and disseminate between ecosystems
could have driven the colonization of the young basalt. Based on taxonomic identifications,
predictive functional analyses suggested that the Surtsey subsurface biosphere is mostly
composed of aerobic and heterotrophic microorganisms that use organic carbon transported
by the surface and the oxygenated seawater inflows. Nevertheless, chemoautotrophic
microorganisms were also detected, which indicated that a portion of the microbial
communities can use dissolved inorganic carbon (DIC), such as CO,, and inorganic
compounds for their energy. Those taxa were involved in the sulfur, nitrogen and methane
cycles. However, the metagenome analyses were unsuccessful and could not confirm the
latter predictions. The microbial communities from the subsurface of Surtsey might, to a
certain degree, participate in the depletion of some elemental concentrations (e.g., DIC,
SO,) previously reported in the borehole fluids in comparison with the seawater
concentration (Kleine et al.,, 2020), and could have a significant impact on the
biogeochemical cycles.

A variety of enrichment cultures were grown under different conditions, and approximately
200 bacterial strains were isolated, including several novel species. Rhodothermus
bifroesti, a novel thermophilic bacterial species, was thoroughly characterized and
described in this context. Comparative investigations found that strains cultivated using
standard methods constituted 2.15% of the amplicon sequence variants from the 16S rRNA
gene amplicon sequence datasets. In addition, putative microbial structures, or EPS-
microcolony complexes, were observed attached to the basalt inside spherical cavities
(vesicles) within basalt glass, at the boundary between the clay and volcanic glass of the
vesicles. All the evidence collected during this work point to active microbial colonization
of the Surtsey deposits and associated fluids, with possible sources of colonization coming
from nearby ecosystems via microbial dissemination and possible adaptions. Microbial
communities inhabiting the subsurface depend on the composition of the rock, availability
of carbon and energy sources, temperature gradients, active circulation of fluids, and
limited available space within the rock. Those constraints might play a major role in the
colonization of rocks and the succession of the microbial communities. We expect that
when the Surtsey hydrothermal system cools, its subsurface microbial communities will be
comparable to those found in cold and oxic oceanic crust. While the thesis provides the
foundation for future research of the Surtsey subsurface microbial communities, as well as
their temporal succession in the context of a changing hydrothermal environment (e.g.,
temperature and basaltic tuff consolidation), many questions remain unanswered.
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Being the first extensive investigation of the Surtsey subsurface biosphere, the experiments
presented in this thesis need to be repeated. More metadata should be collected, including,
for instance, the concentrations of O,, CO, and CHy in the subsurface fluids in order to
perform correlation analyses and determine the factors that structure the microbial
communities. In addition, new methods should be tested. This includes DNA extractions
from larger sample volumes to allow replicate analyses and shotgun metagenome
sequencing from all the samples, especially from the drill core samples collected at each
depth. Indeed, further efforts should be given to recovering higher DNA vyield with better
quality to perform metagenomic analyses. The reconstruction of Metagenome-Assembled
Genomes (MAGSs) would bring better evidence of the metabolic potential of the Surtsey
subsurface biosphere through the study of specific genes. Furthermore, the data could
reveal potential phenotypic variability in genomic populations, which could testify to
adaptation processes that enable microbial communities to survive in this extreme
environment. The metagenomic data would also better inform the connection between the
ecological functions and taxonomic groups, and thus provide evidence on the impact of
living microorganisms on the biogeochemical cycles. Additionally, metatranscriptomic
approaches could be considered, however, RNA extraction is more challenging than DNA
extraction, and because messenger RNA has such a short half-life, its quantity and quality
are likely to fluctuate significantly during sampling. New cultivation methods should also
be tested as the basis of media, which could involve the utilization of sterilized natural
fluid from the subsurface. Ideally, in situ cultivation experiments should be tested. In this
context, a subsurface observatory was deployed in September 2017 in the borehole SE-
02B. It involved incubation chamber experiments with basaltic glass and olivine and this
approach could lead to extensive future research on microbial-mineral interactions (Turke
et al., 2019). Besides, in-depth microscopic investigations on drill core samples should be
conducted, including more advanced methods such as laser microdissection combined with
whole-genome amplification (Gérard et al., 2018). This would allow the characterization
of microbial communities on a smaller scale and a better understanding of local
ecosystems. Overall, the importance of using a multi-scale approach is emphasized for
future research on the characterization of microbial ecosystems from mineralized
environments.
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The island of Surtsey was formed in 1963-1967 on the offshore Icelandic volcanic rift
zone. It offers a unique opportunity to study the subsurface biosphere in newly formed
oceanic crust and an associated hydrothermal-seawater system, whose maximum
temperature is currently above 120°C at about 100m below surface. Here, we present
new insights into the diversity, distribution, and abundance of microorganisms in the
subsurface of the island, 50years after its creation. Samples, including basaltic tuff drill
cores and associated fluids acquired at successive depths as well as surface fumes from
fumaroles, were collected during expedition 5059 of the International Continental Scientific
Drilling Program specifically designed to collect microbiological samples. Results of this
microbial survey are investigated with 16S rRNA gene amplicon sequencing and scanning
electron microscopy. To distinguish endemic microbial taxa of subsurface rocks from
potential contaminants present in the drilling fluid, we use both methodological and
computational strategies. Our 16S rRNA gene analysis results expose diverse and distinct
microbial communities in the drill cores and the borehole fluid samples, which harbor
thermophiles in high abundance. Whereas some taxonomic lineages detected across
these habitats remain uncharacterized (e.g., Acetothermiia, Ammonifexales), our results
highlight potential residents of the subsurface that could be identified at lower taxonomic
rank such as Thermaerobacter, BRH-c8a (Desulfallas-Sporotomaculum),
Thioalkalimicrobium, and Sulfurospirillum. Microscopy images reveal possible biotic
structures attached to the basaltic substrate. Finally, microbial colonization of the newly
formed basaltic crust and the metabolic potential are discussed on the basis of the data.

Keywords: 16S rRNA gene amplicon sequencing, bacterial and archaeal communities, microbial diversity, extreme
environment, subsurface, oceanic basaltic crust, Iceland
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INTRODUCTION

The subsurface biosphere, defined as an ecosystem encompassing
regions beneath soils and sediments, occupies roughly twice
the volume of the oceans and holds about 15% of the total
biomass on Earth (Pedersen, 2000; Heberling et al, 2010;
Bar-On et al,, 2018; Orcutt et al., 2019). Recent estimates
suggest that these zones (i.e., continental subsurface, subseafloor
sediments, and oceanic crust) contain ~70% of all prokaryotic
cells and possibly more than 80% of all bacterial and archaeal
species (Magnabosco et al., 2018). This large biome has only
recently become the focus of research studies (Gold, 1992),
and most microbial surveys have, to date, focused on subseafloor
sediments (Parkes et al., 2000; D’Hondt et al., 2004; Inagaki
et al,, 2015). The deep biosphere hosted in the basaltic ocean
crust, on the contrary, has been understudied because of various
challenges: the relative inaccessibility of the samples (drilling
operation often required), the low biomass (high risk of external
contamination), the presence of minerals which generates DNA
binding and inhibitions (Direito et al., 2012; Lever et al., 2015),
and the difficulties in handling the inevitable microbial
contamination from the surface (Baross et al., 2004; Sheik
et al, 2018; Ramirez et al., 2019).

Over the past decades, many microorganisms have been
discovered within Earth’s igneous oceanic crust despite extreme
conditions, such as oligotrophy, temperature gradients, active
circulation, and limited available space within the rock, which
were once thought unsuitable to supporting life (Cowen et al.,
2003; Nakagawa et al., 2006; Orcutt et al., 2011b; Jungbluth
et al, 2013, 2014; Lever et al., 2013; Baquiran et al., 2016).
Studies of ridge-flank systems have demonstrated that crustal
aquifers harbor aerobic mesophiles and anaerobic thermophiles,
involved in hydrogen, nitrogen, carbon, and sulfur cycling
(Cowen et al., 2003; Nakagawa et al., 2006; Smith et al., 2011;
Lever et al, 2013; Orcutt et al., 2013; Robador et al., 2015;
Jungbluth et al., 2016). The comparison of biomes in very
young (<3Ma) and old (80Ma) oceanic crust indicates that
microbial diversity increases with the age of the basalt and
the community compositions converge toward similar profiles
over time (Lee et al, 2015). The colonization of rocks and
the succession of microbial communities mainly depend on
the temperature and reduction-oxidation conditions (Baquiran
et al., 2016; Ramirez et al., 2019). While microbial communities
hosted by young basalt (<10 Ma) have been detected (Konhauser
et al, 2002; Templeton et al, 2005), our knowledge of the
pioneering communities inhabiting newly erupted oceanic basalt
(<100years) is extremely limited.

A recent drilling operation has addressed this gap in knowledge
through the study of the volcanic island, Surtsey, located on
the southern offshore extension of the Icelandic volcanic rift
zone (Figure 1). The island is the visible part of a volcano
formed by underwater and basaltic eruptions from the seafloor
between 1963 and 1967 (Pdérarinsson, 1965; Jakobsson and
Moore, 1982; Jakobsson et al., 2009). Since the initiation of
eruptive activity, the entire area has been accessible only to
scientific investigations. Surtsey is the site of long-term
longitudinal studies, which have provided a unique record of

pioneering species of plants and animals colonizing the surface
of the basaltic deposits (Baldursson and Ingadottir, 2007;
Magnusson et al., 2014). In 1979, a 181m core (SE-01) drilled
through the eastern sector of the Surtur vent (Figure 1), probed
the hydrothermal system in the subaerial and the submarine
deposits — above and below coastal sea level, respectively
(Jakobsson and Moore, 1982, 1986; Jackson et al., 2019a). In
2017, three new cored boreholes (SE-02a, SE-02b and SE-03)
were acquired through the International Continental Scientific
Drilling Program (ICDP) 5,059 expedition, SUSTAIN drilling
operation (Jackson et al., 2015, 2019b; Weisenberger et al.,
2019). Annual monitoring of temperatures in the 1979 borehole,
SE-01, indicates that the hydrothermal system has cooled down
over the years. The maximal temperature in 1980 was 141.3°C
at 100m depth, and it has decreased gradually to 124.6°C in
2017 (Figure 1; Jakobsson and Moore, 1986; Olafsson and
Jakobsson, 2009; Marteinsson et al., 2015; Jackson et al., 2019b).
The current temperatures exceed a presumed upper limit for
functional microbial life (122°C; Prieur and Marteinsson, 1998;
Kashefi and Lovley, 2003; Takai et al., 2008). The highly porous
subaerial and submarine tephra deposits were largely transformed
to palagonitized lapilli tuff by 1979, described in studies of
the SE-01 drill core (Jakobsson and Moore, 1982; Jakobsson
and Moore, 1986). Progressive alteration was recorded in samples
from a parallel, time-lapse drill core acquired in 2017, SE-02b
(Figure 1; Prause et al, 2020). A recent study of geothermal
water chemistries in the 1979 and 2017 Surtsey boreholes
indicates depletion in boron, magnesium, iron, carbon dioxide,
and sulfate concentrations, suggesting that the fluid compositions
in the subsurface deposits are controlled by seawater-basalt
interactions and temperature (Kleine et al., 2020). This further
suggests that fluid-rock interactions in the submarine Surtsey
basaltic deposits behave similarly to those interactions in basaltic
oceanic crust, where the chemical composition of rocks and
fluids changes and introduces organic matter and oxygen into
the system (Furnes and Staudigel, 1999; Edwards et al., 2005;
Orcutt et al, 2011a). The Surtsey volcano geothermal system
represents an exceptional natural laboratory for studying fluid-
rock-microbe interactions at temperatures approaching the
presumed thermal limit for functional life on Earth. Its boreholes
can be viewed as windows opened from the land surface that
allow the study of subsurface processes at high temperature
associated with the basaltic oceanic crust.

Several studies have described the volcanic structure of
Surtsey and the geochemical, chemical, and mineralogical
changes in the altered basaltic deposits (Jakobsson and Moore,
1982; Jakobsson and Moore, 1986; Schipper et al., 2016; McPhie
et al., 2020; Moore and Jackson, 2020; Prause et al., 2020).
Little is known, however, about the microorganisms inhabiting
the subsurface and their metabolic potential. A pioneering
study by Marteinsson et al. (2015) detected archaea of the
Archaeoglobus genus at 145m depth (80°C) and one taxon
from the Methanobacteriales order in the SE-01 borehole at
depths to 170m (55°C; Marteinsson et al., 2015). Furthermore,
recent studies of 1979 and 2017 drill core samples show abundant
microtubules in basaltic glass that resemble endolithic
microborings (Jackson et al., 2019a; Jackson, 2020); these are
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thought to indicate microbial microboring into glass (Fisk
et al., 2003; Staudigel et al., 2008; Walton, 2008; Mcloughlin
et al, 2010). These investigations suggest that Surtsey’s basalt
and fluids could reveal new information about the microbial
communities associated with the young hydrothermal-seawater
system and the newly formed oceanic basaltic crust.

This work focuses on the following questions: (i) how can
we distinguish the true residents of the subsurface from the
marine microbial taxa derived from the drilling fluid? (ii)
which microorganisms inhabit Surtsey’s basalt and fluids? (iii)
does life persist in the subsurface zones crossing the presumed
thermal limit for life? and (iv) can we detect actual microbial
structures or biotic signatures in the basaltic cores only 50 years
after eruptions terminated? We used high-throughput sequencing
(16S rRNA gene amplicon sequence analysis) and scanning
electron microscopy (SEM) to address these questions and
enable an in-depth characterization of the basalt-hosted microbial

communities within the volcanic system. Microbial communities
from drill core samples collected at successive depths from
the subaerial and submarine basaltic tephra deposits were
compared to the communities in borehole fluid samples associated
with the active hydrothermal system and in fumarole samples
from the surface of the island and seawater samples collected
several kilometers offshore. In this study, it was of crucial
importance to collect drilling fluids, sequence control samples
representing potential sources of contamination, and implement
computational methods to distinguish the endemic microbial
taxa of the subsurface rocks from the microorganisms found
in the drilling fluid and other potential contaminants. Here,
we report our strategy to identify and minimize contaminants
in the data sets; we describe the archaeal and bacterial taxa
that are candidate residents of the oceanic crust; we discuss
the microbial colonization and dissemination from the
surrounding ecosystems, and we explore microbial metabolic
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potentials. The results provide unique data on subsurface
microbial life in one of the newest and most pristine oceanic
basalt environments on Earth.

MATERIALS AND METHODS

Site Description
The volcanic island of Surtsey is located in the Vestmannaeyjar
archipelago, approximately 35km from the south coast of Iceland
(63°18'10.8'N; 20°36'16.9'W; Figure 1) within the southern
offshore extension of Iceland’s Eastern Volcanic Zone. The
ocean depth was 130m below sea level prior to eruption. After
3.5years of submarine, explosive, and effusive lava-producing
eruptions of basalts from the seafloor in 1963-1967, Surtsey
had a subaerial area of 2.6km? and the highest point on the
island was 174m above sea level. The island has now eroded
to less than 1.2km” and a height of 150m above sea level
(Baldursson and Ingadéttir, 2007; Oskarsson et al., 2020).
The cores extracted from the SE-01 borehole in 1979 and
the SE-02b borehole in 2017 indicate that the subsurface of
Surtsey consists mainly of lithified tephra, mainly lapilli tuff,
and minor amounts of weakly consolidated tephra and alkali
olivine basalt intrusions (Jakobsson and Moore, 1982; McPhie
et al., 2020; Figure 1). The principal authigenic minerals in
the lapilli tuff are smectitic clay mineral (nontronite and
clinochlore), analcite, phillipsite, Al-tobermorite, and anhydrite
(Jakobsson and Moore, 1986; Jackson et al., 2019a; Prause
etal,, 2020). Alteration through palagonitization and production
of authigenic cementitious minerals has progressed during the
past 38years, from 1979 to 2017 (Jackson, 2020; Prause et al.,
2020). In situ subsurface fluid temperatures have been measured
annually since 1980 in SE-01, usually at 1-m intervals from
the surface to the bottom of the borehole (e.g., Jakobsson and
Moore, 1986; Marteinsson et al., 2015). Geochemical analyses
and pH measurements of borehole fluids and pore water
extracted from the 2017 drill cores are described by Kleine
et al. (2020).

Drilling Operation and Drilling Fluid

One of the principal objectives of the 2017 Surtsey Underwater
volcanic System for Thermophiles, Alteration processes and
Innovative concretes (SUSTAIN) drilling project at Surtsey
volcano, sponsored in part by the ICDP, was to investigate
microbial diversity within the basaltic tephra. All possible
precautions were made to avoid microbial contamination (Jackson
et al., 2019b). Water from the sea was pumped to the drill
site and used as drilling fluid since no fresh water is available
on the island (Figure 1). The conventional methods used to
track contamination during drilling operations, such as the
addition of tracer compounds in the circulating fluid, could
not be applied during drilling at Surtsey due to the strict
environmental protection of the island (see discussion). To
avoid contamination, drilling fluid was sterilized using two
filtration units with a pore size of 30pum (Pentek Big Blue,
R30-BB 30 Micron cartridge filter, Lenntech, The Netherlands)

and two ultraviolet sterilization devices (AQUA4ALT from
WEDECO, Aquaculture systems, Xylem Water Solutions Herford
GmbH, Germany) with a maximum flow rate of 1.581s™". The
decontaminated drilling fluid was stored in 1000L containers
before pumping into the borehole. To track potential problems
with the sterilization system, 11 of drilling fluid was collected
regularly at different drilling depths to assess potential microbial
contaminants (Figure 1).

Sample Collection

Four types of samples were collected for molecular investigation
and comparison of microbial diversity among these sample
types: drill cores from the 2017 SE-02b borehole, borehole
fluids from the 1979 SE-01 borehole, steam from surface cracks
of fumaroles, and seawater samples collected few kilometers
from the northwest coast of Surtsey (Figure 1). A description
of the samples is shown in Table 1.

Seventeen drill core samples were collected for microbial
analyses from the vertical SE-02b cored borehole that extends
to 192m below surface and terminates in poorly consolidated
tephra a few meters above the presumed depth of the pre-eruption
seafloor (Jackson et al, 2019b). At the drill site, drill core
samples were collected from every third 3-m core run for
molecular analyses by cutting a 10-cm section at 70cm from
the top of the core run. Immediately after sampling, each
section was kept in the plastic core liner, taped at both ends,
wrapped in a plastic bag, kept in liquid nitrogen on site, and
at —80°C for long-term laboratory storage. Fluid samples from
SE-01 borehole were collected in 2016 and in 2017, before
drilling operations started, using a custom sampler made of
stainless steel, as described in Marteinsson et al. (2015). The
sampler was rinsed with 70% ethanol before each sampling.
Eighteen fluid samples were collected from the SE-01 borehole:
18 in 2016 and seven in 2017 (Table 1). Steam from fumaroles,
located on the summit of Surtur, the eastern tephra cone
(~150m above sea level; 63°18'15.4'N 20°36'07.7W) and
Surtlungur, the western tephra cone (63°18'19.9'N 20°36'24.7'W)
were collected in 2017 by introducing a sterile rubber hose
into the outlet of the fumarole, with the other end connected
to a sterile plastic container. This generated 5,350 ml of condensed
water from the fumaroles over 12h of continuous sampling.
Four liters of seawater samples were collected 25km offshore
during the drilling operation (63°28'58.8'N; 20°54'7.2'W). All
water samples (drilling fluid, borehole fluid, fumarole, and
seawater samples) were immediately filtrated through 0.22-pm
Sterivex™ filters (Merck Millipore). The filters were stored in
liquid nitrogen on site and at —80°C for long-term storage
in the laboratory.

DNA Extraction

DNA Extraction From Rock Samples

A modified PowerMax® Soil DNA Isolation Kit protocol
(MO BIO Laboratories, Inc.) was applied to extract the
DNA from the drill core samples. Small fragments of tuff
from the interior of the 17 frozen core samples from SE-02b
were broken aseptically. After 2min pre-cooling on ice,
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TABLE 1 | Sample description table: locations, sampling date, depth, temperature, and DNA concentration.

Sample ID Sample types Sample Sampling Collection Collection Sample DNA 260/280 DNA
and categories site date depth (m b.s.) Temp (°C) amount concentration concentration
NanoDrop (ng/pl) QuBit dsDNA
(ng/pl)
Sur161 Borehole fluid SE-01 6/9/2016 164 56.56 500ml 16.14 1.41 0.16
Sur162 Borehole fluid SE-01 6/9/2016 164 56.56 300ml 15.48 1.35 0.30
Sur163 Borehole fluid SE-01 6/9/2016 166 54.24 500ml 26.65 1.43 Too low
Sur164 Borehole fluid SE-01 6/9/2016 162 58.88 400ml 8.33 1.29 Too low
Sur165 Borehole fluid SE-01 6/9/2016 70 109.17 250ml 56.12 1.56 0.09
Sur166 Borehole fluid SE-01 6/9/2016 100 124.62 500ml 34.07 1.58 0.156
Sur167 Borehole fluid SE-01 6/9/2016 100 124.62 250ml 38.24 1.50 0.81
Sur168 Borehole fluid SE-01 6/9/2016 120 115,78 550ml 97.37 1.61 0.56
Sur169 Borehole fluid SE-01 6/9/2016 160 61.27 500ml 17.59 1.05 0.13
Sur1610 Borehole fluid SE-01 6/9/2016 160 61.27 150ml 12.31 1.21 0.11
Sur16Mix Borehole fluid SE-01 6/9/2016 mix n.a. 1,400ml 52.23 1.14 0.15
Sur171 Borehole fluid SE-01 8/3/2017 58 87.75 5,000ml 48.80 1.49 n.a.
Sur172 Borehole fluid SE-01 8/3/2017 120 1156.78 1,820ml 38.25 1.46 n.a.
Sur173 Borehole fluid SE-01 8/3/2017 mix n.a. 980ml 35.38 1.49 n.a.
Sur174 Borehole fluid SE-01 8/3/2017 mix n.a. 805ml 23.07 1.53 n.a.
Sur175 Borehole fluid SE-01 8/3/2017 150 74.22 5,000ml 52.80 1.45 n.a.
Sur176 Borehole fluid SE-01 8/8/2017 160 61.27 5,000ml 35.95 1.49 n.a.
Sur177 Borehole fluid SE-01 8/8/2017 mix n.a. 850ml 16.59 1.58 n.a.
C4 Drill core (DC_1) SE-02b 8/22/2017 23" 20.00 169 181.61 1.42 0.17
C9 Drill core (DC_1) SE-02b 8/22/2017 35" 36.00 1569 196.47 1.44 0.14
C13 Drill core (DC_2) SE-02b 8/22/2017 44 59.00 159 202.15 1.33 0.16
c17 Drill core (DC_2) SE-02b 8/23/2017 55 82.50 159 137.89 1.43 0.11
C22 Drill core (DC_2) SE-02b 8/23/2017 65 101.50 159 115.60 1.46 0.41
c27 Drill core (DC_3) SE-02b 8/23/2017 78 114.00 159 204.83 1.42 0.1
C33 Drill core (DC_3) SE-02b 8/24/2017 93 123.00 159 202.74 1.38 0.09
C36 Drill core (DC_3) SE-02b 8/24/2017 102 124.00 159 202.32 1.41 0.16
C39 Drill core (DC_3) SE-02b 8/24/2017 111 121.50 159 197.72 1.35 0.15
C42 Drill core (DC_3) SE-02b 8/24/2017 120 116.00 159 57.15 1.43 0.17
C45 Drill core (DC_3) SE-02b 8/24/2017 130 107.00 159 171.05 1.40 0.156
C49 Drill core (DC_3) SE-02b 8/25/2017 139 97.00 159 168.91 1.41 0.11
C52 Drill core (DC_4) SE-02b 8/25/2017 148 84.00 169 180.71 1.44 0.10
C55 Drill core (DC_4) SE-02b 8/25/2017 167 64.00 159 97.89 1.44 0.06
C59 Drill core (DC_4) SE-02b 8/25/2017 166 55.00 159 148.14 1.43 0.10
C62 Drill core (DC_4) SE-02b 8/25/2017 175 44.50 159 178.08 1.42 0.13
C65 Drill core (DC_4) SE-02b 8/25/2017 181 37.00 159 203.00 1.40 0.13
Fum_1 Fumarole 63°18'19.9N 8/4/2017 0 82.30 350ml 19.05 1.88 Too low
20°36'24.7'W
Fum_2 Fumarole 63°18'15.4'N 8/4/2017 0 85.60 5,000ml 8.39 2.33 Too low
20°36'07.7'W
SW_10 Seawater 63°28'58.8'N; 8/18/2017 10 (mb.s.l.) 12 1,000ml 330.37 2.00 n.a.
20°54'7.2'W
SW_20 Seawater 63°28'58.8'N; 8/18/2017 20 (mb.s.l) 11.97 1,000ml 607.05 1.58 n.a.
20°64'7.2'W
SW_30 Seawater 63°28'58.8N;  8/18/2017 30 (mb.s.l) 10.81 1,000ml 449.85 1.85 n.a.
20°54'7.2'W
SW_50 Seawater 63°28'58.8'N; 8/18/2017 50 (mb.s.l) 9.9 1,000ml 175.98 1.81 n.a.
20°64'7.2'W
1B0ZC Dirilling fluid 63°18'30.7'N 8/9/2017 1(mb.s.l) 10.00 1,000ml 220.69 1.98 n.a.
20°36'21.0W
1B3ZC Drilling fluid 63°18'30.7'N  8/10/2017 1(mb.s.l) 10.00 1,000ml 92.74 1.91 n.a.
20°36'21.0W
1B25Z2C Dirilling fluid 63°18'30.7'N 8/12/2017 1(mb.s.l) 10.00 1,000ml 103.01 2.03 n.a.
20°36'21.0W
149ZC Dirilling fluid 63°18'30.7'N 8/16/2017 1(mb.s.l) 10.00 1,000ml 129.22 1.90 n.a.
20°36'21.0W
1C17ZC Drilling fluid 63°18'30.7'N  8/23/2017 1(mb.s.l) 10.00 1,000ml 118.26 1.97 n.a.
20°36'21.0W
1C392C Dirilling fluid 63°18'30.7'N 8/24/2017 1(mb.s.l) 10.00 1,000ml 96.39 1.91 n.a.
20°36'21.0W
(Continued)
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TABLE 1 | Continued

Sample ID Sample types Sample Sampling Collection Collection Sample DNA 260/280 DNA
and categories site date depth (m b.s.) Temp (°C) amount concentration concentration
NanoDrop (ng/pl) QuBit dsDNA
(ng/pl)
1C51ZC Drilling fluid 63°18'30.7'N  8/25/2017 1(mb.s.l) 10.00 1,000ml 252.97 2.05 n.a.
20°36'21.0W
1C592C Dirilling fluid 63°18'30.7'N 8/24/2017 1(mb.s.l) 10.00 1,000ml 152.45 2.04 n.a.
20°36'21.0W
Cw Control na. na. n.a. n.a. n.a. 27.11 1.74 Too low
Cr Control n.a. n.a. n.a. n.a. 159 25.05 1.69 Too low

“Drill core samples from the subaerial tuff cone, located above the sea level. Too low: for detection with Qubit fluorometer and high-sensitivity dsDNA reagents, <0.5 ng/ml. n.a.: not

available. m b.s.I.: meter below sea level. m b.s.: meter below surface.

15g were cryo-ground at an impact rate of 8cycles per
second for 1 min using a 6,700 Freezer/Mill cryogenic grinder
(SPEX). Phosphate-ethanol solution (1M phosphate buffer,
15% ethanol, pH 8.0; Direito et al., 2012) and proteinase
K (20mg/ml) were added to the lysis solution provided by
the kit. Samples were vortexed twice for 30s with a 1 min
cooling step in between instead of the bead-beating step,
followed by incubations at 55°C for 1h and at 80°C for
40 min. Subsequent DNA isolation was carried out according
to the standard PowerMax® Soil DNA isolation protocol.
DNA precipitation was done overnight with isopropanol (0.7
volume) and glycogen (20 mg/ml). After a washing step with
70% ethanol, DNA was resuspended in Tris buffer (10 mM,
pH 8) and quantified using both NanoDrop® ND-1000
UV-Vis Spectrophotometer (Thermo Fisher Scientific) and
a Qubit fluorometer and high-sensitivity dsDNA reagents
(Invitrogen™) before being stored at —20°C. Attempts to
estimate the microbial biomass within the drill core samples
using fluorescence microscopy were unsuccessful because
of the non-biological background signals that occurred during
recognition of cells for counting. Two controls were carried
out to test for contamination during DNA extraction of
the core samples. One used sterile water (instead of the
basalt powder) to test for contaminants derived from the
kit and reagents. The other used 15g of basalt powder from
a drill core that had been treated with 70% ethanol and
heated at 180°C for 24h. Both controls resulted in
amplifications with primers targeting bacterial and archaeal
16S rRNA genes, which were then sequenced.

DNA Extraction From Fluid Samples

DNA was extracted from Sterivex™ filters containing biomass
from borehole water, condensed fumarole water and drilling
fluid samples following a modified protocol by Neufeld et al.
(2007). Sucrose EDTA Tris buffer (SET buffer: 40 mM
ethylenediaminetetraacetic acid (EDTA), 50mM Tris-HCI
pH 9, and 0.75M sucrose) and 20 mg/ml lysozyme solution
were added to the Sterivex™ filters. Filters were incubated
at 37°C for 30 min. After the addition of 10% (w/v) sodium
dodecyl sulfate (SDS) and proteinase K (20 mg/ml), the filters
were incubated with rotation at 55°C for 2h. Lysates were
collected into syringes, while the filters were rinsed twice

with SET buffer and the rinsed buffer was combined to
the lysate. One volume of phenol:chloroform:isoamyl alcohol
(PCI: 25:24:1, pH 8) was added, and the aqueous phase
was transferred to a new tube after a 15-min centrifugation
at 10,000xg at 4°C. The phenol was removed from the
aqueous phase by adding 1 volume of chloroform. The
cleaned aqueous phase was transferred to a new tube after
a 5-min centrifugation at 10,000 x g at 4°C, and 0.7 volume
of cold isopropanol was added. After inverting the tube
several times, the sample was incubated for 15min at room
temperature and then overnight at —20°C. After a 20-min
centrifugation at 16,000xg at 4°C, the DNA pellet was
washed twice with 75% (v/v) ethanol, dried for 5min using
a SpeedVac™ and 15min at room temperature, and finally
resuspended in sterile Tris-HCI buffer (10mM, pH 8). DNA
was quantified using a NanoDrop® ND-1000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific) and Qubit
fluorometer (Invitrogen, Quant-iT™ dsDNA HS) and stored
at —20°C. One negative extraction control was carried out
for each round of extractions by rinsing a sterile Sterivex™
filter with sterile laboratory-grade water.

Partial 16S rRNA Gene Amplification and
Tag Sequencing

Illumina MiSeq paired-end (2x300 base pair) tag sequencing
was carried out using the Earth Microbiome Project universal
primers 515f (5-GTG CCA GCM GCC GCG GTA A-3') and
806r (5-GGA CTA CHV GGG TWT CTA AT-3'), which
amplify the V4 region of the bacterial and archaeal 16S rRNA
genes (Caporaso et al.,, 2012). Since this primer pair does not
show a high coverage for Archaea (Parada et al., 2016), specific
archaeal primer sets were used with a nested PCR approach.
The first-round PCR was performed to amplify the V3-V5
region of archaeal 16S rRNA gene with the primer set Parch340F
(5'- CCC TAY GGG GYG CAS CAG -3% Ovreas et al., 1997)
and Arch958VR (5'- YCC GGC GTT GAV TCC AAT T -3}
Klindworth et al., 2013). Then, a second round was performed
on the first PCR product to amplify the V3 region of archaeal
16S rRNA gene with the primer set Arch349F (5'-
GYGCASCAGKCGMGAAW -3%; Takai and Horikoshi, 2000)
and Parch519R (5'- TTACCGCGGCKGCTG -3 Ovreds
et al,, 1997).
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All PCR reactions were carried out in 25pl reactions with
20ul of Q5® High-Fidelity PCR Master Mix (New England
Biolabs, MA, United States) following the manufacturer’s
amplification protocol and 5pl of DNA at 10ng/pl (NanoDrop
quantification). The second round of the nested PCR used 5pl
of amplified DNA from the first round. Bovine serum albumin
was added to the master mix at a final concentration of 0.5ng/
pl for rock samples that could not be amplified. Thermal cycling
consisted of an initial denaturation step at 98°C for 30s,
followed by 30 cycles of denaturation at 98°C for 10, annealing
at 52°C (using the bacterial primer set) or at 55°C (using the
archaeal primer sets) for 30s, and elongation at 72°C for 60s.
Final elongation was set at 72°C for 2min. Amplification
products were visualized on 1% (w/v) agarose gels.

Sequencing libraries were generated using the “16S
Metagenomic Sequencing Library Preparation guide” from
Mlumina and barcodes from the Illumina Nextera®XT DNA
Sample Preparation Kit (8cycles for index PCR). The libraries
were assessed on a Qubit Fluorometer (Invitrogen, Quant-iT™
dsDNA HS) and a Bioanalyzer system (Agilent Technologies).
After normalization and quantification, the final pooled library
was loaded on a MiSeq Desktop sequencer (Illumina) and
sequenced with V3 chemistry and 2x300cycles across two
sequencing runs. Raw sequences have been deposited in the
European Nucleotide Archive (ENA) at EMBL-EBI under
accession number ERP126178.

16S rRNA Gene Amplicon Sequence
Analysis

Bioinformatic analysis was conducted in RStudio running R
version 4.0.2 (R Core Team, 2019; Rstudio, 2020). Sequence
variants were inferred using the R Package DADA2 (Callahan
et al, 2016) version 1.4, available at https://benjjneb.github.io/
dada2/tutorialhtml. The following trimming parameters were
used: trimLeft=10, maxN=0, maxEE=c(2,5), truncQ=2, and
truncLen=¢(230,215) for the universal primer set and
truncLen=c(115,110) for the archaeal primer sets. After quality
screening and trimming, forward and reverse reads were merged
to remove chimeric variants and singletons and to identify
amplicon sequence variants (ASV). Non-target-length sequences
were removed, and only amplicons of 270-275bp length were
kept with the universal primer set and amplicons of 130-165bp
for the archaeal primer sets. Data sets from three MiSeq sequencing
runs (universal primer set) were processed separately using the
same pipeline and same parameters and merged into a unique
ASV  table using the function “mergeSequenceTables” The
taxonomy was assigned using the function “assignTaxonomy”
(minimum bootstrap confidence at 50) and the SILVA SSU
database release 138 (Quast et al., 2013).

In total, all 51 samples were successfully sequenced using
the universal primer set, including extraction controls and
drilling fluid samples. The R package Decontam (version 1.10.0;
Davis et al, 2018') was used to identify contaminant ASVs
in the universal primer data set. We identified 160 contaminant

'https://github.com/benjjneb/decontam

ASVs (Supplementary Table S1) using the Decontam prevalence
method (threshold value of 0.5), based on the prevalence
comparison of each sequence in true samples and negative
controls (Supplementary Figure S1). In addition, sequences
that were identified as chloroplast at the order level, mitochondria
at the family level, Eukaryote at the kingdom level, and those
that could not be identified at the kingdom level were subtracted
from the data set prior to analysis, as well as putative contaminants
identified by taxonomic affiliation at the genus level by a study
on common contaminants from the Census of Deep Life data
set (Sheik et al, 2018). Supplementary Table S2 gives a list
of 95 potentially contaminant genera removed from the analyses.
A total of 588,510 sequences were removed from the samples
by the abovementioned procedures (Details are available in
Supplementary Table S3).

From the archaeal nested PCR, 17 samples were analyzed.
Sequences identified at the kingdom level as Eukaryote, Bacteria,
or not assigned were removed from libraries prior to analysis,
as well as sequences detected in the DNA extraction blanks
(Supplementary Table S4, 26 ASVs). Using the archaeal primer
sets, the number of sequences removed from the samples was
74,315 (Details available in Supplementary Table S3).

Microbial Community Analysis

Microbial community analysis (« and p diversity, community
composition, and statistical analysis) was conducted in R (R
Core Team, 2019) with the Phyloseq (McMurdie and Holmes,
2013) and Vegan (Oksanen et al., 2007) packages. ANOVA
and Tukey’s HSD (Honestly Significant Difference) test were
conducted to evaluate the differences in o diversity values.
For B diversity assessment, the data were normalized using
“rarefy_even_depth” function prior to performing a non-metric
multidimensional scaling (NMDS) ordination on Bray-Curtis
dissimilarities. The significance of sample type variable was
assess using permutational multivariate analysis of variance
(PERMANOVA) using distance matrices and multilevel pairwise
comparison (Martinez Arbizu, 2020). The command envfit
was used to investigate the correlation between the community
structure and environmental variables (depth and temperature).
Finally, DESeq2 was used to identify ASVs significantly different
among sample types (F fumarole; BE, borehole fluid; DC,
drill core; SW, seawater samples) and categories of drill cores
(DC_1, DC_2, DC_3 and DC_4; Love et al., 2014). Details
of the data analyses can be found in the Supplementary
Material. Predictive functional analyses of the prokaryotic
communities were performed using Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States 2
(PICRUSt2) on both data sets, obtained with the universal
primer set and the archaeal primer sets, separately (Douglas
et al, 2020). From the universal data set, a total of 2,333
PICRUSt2 predicted KEGG orthologs (enzymes) were collapsed
into 425 MetaCyc pathways, while 828 predicted KEGG
orthologs and 124 MetaCyc pathways were obtained from
the archaeal data set. Only few MetaCyc pathways were selected
to represent sulfur, nitrogen, methane, and carbon metabolism
(Supplementary Figures S8, S9).
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Microscopy

For SEM images, drill core samples were crushed in a sterile
mortar to obtain rock grains <0.5mm diameter, which were
dehydrated by four 10-min wash steps in increasing
concentrations of ethanol (30, 50, 80, and 100%). After drying,
samples were placed on carbon conductive tabs (PELCO Tabs™,
9mm) and gold-coated. SEM used a Zeiss Auriga 40 Focused
Ion Beam Field Emission Scanning Electron Microscope coupled
with an energy dispersive X-ray spectroscopy analyzer (EDX)
at the Institute de Physique du Globe de Paris (University
Sorbonne Paris Cité, Paris, France) using two types of secondary
electron detectors: In-Lens and SESI, and a backscattered electron
detector: EsB. The acceleration voltage (EHT) ranged from 5
to 15kV.

RESULTS
DNA Yields From Rocks

Based on Qubit quantification, DNA concentration extracted
from 15g of each drill core sample yields from 0.2 to 1.36 ng.
¢! of rocks with an average of 0.48ng.g™'. However, no
significant correlations in DNA yield were apparent with
sampling depth or in situ temperature (Supplementary
Figure S2).

Special Considerations for the Drilling
Operation and the Drilling Fluid

The island of Surtsey is subjected to strict environmental
protection and is a UNESCO World Heritage site (Baldursson
and Ingadottir, 2007). For this reason (and other reasons
mentioned later in the study), the use of tracer compounds
to track contamination could not be considered during the
design of the 2017 SUSTAIN drilling operation. Instead, a
different approach was used to assess contamination. Filtered
and UV-sterilized water pumped from the sea was used as
drilling fluid (see above). Aliquots of those fluids were then
collected to track microbial DNA potentially contaminating
the core. DNA extracted from 11 of each drilling fluid sample
yields ~96 to 252ng/pL of DNA (Table 1).

The 16s rRNA gene sequencing of the drilling fluid samples
thus showed, unfortunately, that the sterilization system failed
(Supplementary Table S3, Supplementary Figure S3).
Consequently, marine microbial taxa from the drilling fluid
were introduced into the subsurface. The failure can possibly
be explained by the clogging of filters and an overly high
flow rate for the UV system.

As the contamination of the samples was evidently pervasive,
the data were evaluated with caution. A NMDS ordination
plot conducted using Bray-Curtis dissimilarity metrics (stress
value=0.124) revealed that some of the drill core samples (e.g.,
C45, C52, C65) showed a microbial community composition
similar to the drilling fluid and seawater samples
(Supplementary Figure S4). Whereas differences in microbial
community structure between drill core and drilling fluid and
between drill core and seawater samples proved to be significant

by a Tukey HSD test (p adjusted values of 0.01 and 0.0008,
respectively), a strategy was adopted to distinguish endemic
microbial taxa of Surtsey subsurface rocks from the marine
residents introduced to the subsurface by the drilling fluid.
The distributions of individual ASVs were evaluated by a simple
overlap approach using a Venn diagram to compare ASVs
shared among the seawater samples, drilling fluid, drill core
from the subaerial deposits, and from the submarine deposits
(Figure 2).

In the subaerial tephra deposits, located above coastal
sea level, meteoric water was presented before drilling. In
the zone of tidal flux at ~58m b.s., temperatures up to
100°C could operate as a natural autoclave or biological
barrier, preventing transfer of live microorganisms between
the subaerial and submarine basaltic deposits (Olafsson and
Jakobsson, 2009; Marteinsson et al., 2015). Hence considering
that no marine taxa should be detected in the subaerial
deposit, all ASV's shared between the subaerial samples (C4,
C9, C13, and C17; 23-55m b.s.; 20-82.5°C), the drilling
fluid, and the seawater samples (Figure 2:
93+84+14+11+16+14 ASVs, Supplementary Table S6)
were considered as potential marine contaminants; these
sequences were removed from the data set. In a second
iteration, ASVs shared only between the drill core samples
located in the submarine deposits and the drilling fluid
(Figure 2, Supplementary Table S6, 128 ASVs) were also
considered as marine contaminants and were removed from
the data set. Natural infiltration of cool seawater occurs
in the subsurface of Surtsey at 144-155m b.s (Jakobsson
and Moore, 1986; Jackson et al., 2019b; Kleine et al., 2020).
This suggests that marine taxa detected in the submarine
deposit could derive from the inflow of seawater that infiltrate
the subsurface. Therefore, ASVs shared between the submarine
drill core, seawater samples, and the drilling fluid were
retained (Figure 2, 61 ASVs). The total number of sequences
removed from the drill core samples by the abovementioned
procedures was 138,913 (Supplementary Table S3), which
represents on average 47% of the reads per drill core samples.
The subsequent analyses were performed on the
decontaminated data set, excluding the drilling fluid samples.

Microbial Community Structure Among the
Sample Types

Sequencing provided enough reads to capture the total richness
of the samples as all libraries reached saturation in rarefaction
curves (Supplementary Figure S5). The 41 samples were
catalogued by sample type: 18 samples from borehole fluids,
17 samples from drill cores, 2 samples from fumaroles, and
4 seawater samples (Table 1, Supplementary Table S3).
Amplification of the partial 16S rRNA gene using the universal
primer set was successful for all samples, while only 17 samples
could be amplified using the archaeal primer sets.

We obtained a total of 455,545 and 848,053 high-quality
sequences using universal and archaeal 16S rRNA primer sets,
respectively (Supplementary Table S3). A total of 4,222 ASVs
ranging from 41 (Surl68) to 317 (SW50) ASVs per sample
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FIGURE 2 | Contamination assessment by an overlap approach between drill cores from the subaerial and submarine deposits, driling fluid, and seawater
samples. Five drilling fluid samples (in grey): 1B49ZC, 1C17ZC, 1C39ZC, 1C51ZC, 1C59ZC, 4 sea samples (in blue): SW_10, SW_20, SW_30, SW_50, 4 samples
from the subaerial deposit (in yellow): C4, C9, C13 and C17, and 13 samples from the submarine deposit (in light brown): C22, C27, C33, C36, C39, C42, C45,
C49, C52, C55, C59, C62, CB5. Hatched area: 360 ASVs considered as contaminants.

Drill cores in
subaerial deposit
(903)

Seawater
(491)

were obtained using the universal primer set, whereas a total
of 157 ASVs ranging between 3 (Sur4a) and 41 (Surla) ASVs
per sample were obtained using the archaeal primer sets.

o Diversity

Analysis of variance on species richness showed significant
differences between sample types (ANOVA, F value=9.082,
Pr(>F)=0.000123). A Tukey HSD test highlighted significant
differences among them between seawater samples and borehole
fluid (<0.001), seawater samples and drill core (0.0339), and
between drill core and borehole fluid (0.0184). Shannon diversity
also differed significantly among them (ANOVA, F value=5.998,
Pr(>F)=0.00195), and Tukey’s HSD test revealed significant
differences between seawater samples and borehole fluid (0.00323)
and between seawater samples and drill core (0.02570; Figure 3A,
Supplementary Table S7). The SE-01 borehole fluids displayed
a significantly lower observed diversity than the drill cores,
but Shannon diversity was not significantly different, indicating
that the evenness of the species present in these sample types
was comparable. Observed diversity and evenness were
significantly higher in the seawater samples than in drill core
and borehole fluid samples.

B Diversity

The resulting NMDS ordination conducted using Bray-Curtis
dissimilarity metrics revealed distinct microbial communities
specific to each sample types, which clustered individually

(Figure 3B). The stress value equaled 0.18. This was further
confirmed by a PERMANOVA analysis showing that sample
types differed significantly [Pr(>F)=0.001, r2=274], and a multilevel
pairwise comparison showed significant differences among drill
cores and borehole fluids (adjusted p value=0.0184), seawater
samples and borehole fluids (<0.001), and between seawater
samples and drill cores (0.0338). This indicates that the samples
within a given sample type show microbial communities that
are more similar to one another than to samples from a different
sample type. The cluster of SE-01 borehole fluid samples appears
wider than the drill core cluster, indicating more differences in
microbial community (Figure 3B).

Community Composition

At the phylum level, some taxa were common across the four
sample types (Figure 3C). The phylum Proteobacteria dominated
all sample types, for example, whereas its relative proportion
varied greatly among them. Within Proteobacteria,
Alphaproteobacteria was the most abundant class followed by
Gammaproteobacteria. Fumarole samples showed a higher
relative proportion of Cyanobacteria (15.3%), Deinococcota
(12.6%), Acidobacteriota (7.84%), and Chloroflexi (4.52%) than
borehole fluids and drill cores. Borehole fluids displayed the
highest occurrence of the bacterial phyla Acetothermia (5.56%)
and Patescibacteria (2.26%), as well as the archaeal phyla
Thermoplasmatota (5.60%) and Euryarchaeota (3.13%), in
comparison with the other sample types. The class
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Desulfotomaculia represented more than 5% of the borehole
fluid community (data not shown). Nevertheless, due to the
compositional nature of the data, lineage-specific enrichments
necessitate further investigation, using for example a qPCR
approach (Jian et al, 2020). The drill core samples show the
highest sequence variants (2,242 ASVs), followed by the borehole
fluids (1,415 ASVs), seawater samples (494 ASVs), and fumarole
samples (367 ASVs). Most ASVs were not shared between the
sample types (Figure 3D).

Microbial Community Composition and
Structure of the Rock Samples and
Influence of Depth and Temperature

The bacterial sequences from the drill core samples are classified
into 35 phyla, with the ten phyla Proteobacteria, Bacteroidota,
Actinobacteriota, Firmicutes, Cyanobacteria, Deinococcota,
Planctomycetota, Verrucomicrobiota, Acidobacteriota, and
Chloroflexi, comprising more than 95% of the sequences

(Figure 4). The 29 ASVs classified as Archaea using the universal
primer set fall into the phyla Thermoplasmatota, Crenarchaeota,
Nanoarchaeota, and Iainarchaeota.

Archaeal sequences obtained by nested PCR from 10 of
the drill cores were more diverse. The 88 unique ASVs
include the phyla Crenarchaeota (mainly Nitrososphaeria),
Thermoplasmatota (mainly Thermoplasmata), Euryarchaeota,
Halobacterota, Hydrothermarchaeota, Nanoarchaeota, and
unassigned Archaea (Figure 4). Remarkably, the sample C55
(157m b.s.; 64°C) below the submarine inflow zone is dominated
by the archaeal genus Methanobacterium, while the sample
C65 (181m b.s.; 37°C) in weakly consolidated tephra near the
pre-eruption seafloor shows the highest abundance of the genus
Thermococcus (Figure 4).

Canonical correspondence analysis (CCA) ordination
(ANOVA, p=0.018) and envfit analyses demonstrate that both
depth and in situ temperature are significantly correlated with
microbial community structure of the drill core samples
(Supplementary Figure S6). However, it is unclear which
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variable has the most influence on the microbial community
structure, since both are linked. Observed and Shannon diversity
indices showed no significant difference between the four
categories of drill core samples (data not shown).

To identify the ASVs causing the dissimilarity of community
structure in the CCA ordination plot, the drill core
samples are grouped in four categories as follows
(Supplementary Figure $6): (DC_1) drill core samples from
the subaerial deposits (23-35m b.s.; 20-36°C in 2017; n=2,
C4, C9) (DC_2) drill core samples from the zone of daily
intertidal fluctuations at coastal sea level (44-65m b.s.;
59-101.5°C; n=3, C13, C17, C22), (DC_3) drill core samples
from the submarine deposits near the hydrothermal temperature
maximum (78-139m b.s.; 97-124°C in 2017; n=7, C27, C33,
C36, C39, C42, C45, C49), and (DC_4) drill core samples
from the submarine deposits, below the zone of seawater inflow
(157-181m b.s; 37-84°C in 2017; n=5, C52, C55, C65,
C62, C59).

Differential Abundance Analyses

To identify differences in ASVs abundance between the four
sample types (E fumarole; BE, borehole fluid; DC, drill core;
SW, seawater samples), we performed differential abundance
analyses (two-by-two comparisons) using separately the universal

primer and the archaeal primer data sets (Supplementary
Table S5). Additionally, the same analyses were performed for
the four categories of drill core samples to highlight the ASVs
contributing to the dissimilarity in the CCA plot (Supplementary
Figure S6). Due to the compositional features of the data, the
identification of differentially abundant taxa between the different
groups of samples must be assessed carefully, since it is based
on a count-based method. Being aware of the limitations of
this approach, a total of 95 and 26 unique ASVs were proved
to be significantly represented using the universal primer data
set (grouping into 59 taxonomic bins) and the archaeal primer
sets (7 taxonomic bins), respectively (Figure 5), in accordance
with the log fold change of the mean normalized read counts
(p<0.01).

Compared to the seawater samples, the drill cores showed
overrepresented ASVs assigned to the taxa Caldisericum,
Galbitalea, Geobacillus, Glaciecola, Oceaniserpentilla, Oleispira,
Piscinibacter, Pseudoarthrobacter, Psychromonas, Reyranella,
Sulfurospirillum, Thermaerobacter, Thermus, unassigned bacteria
from the Sphingomonadaceae family, and unassigned
Thermoplasmata. ~ ASVs  assigned to  Aliivibrio  and
Pseudoalteromonas were significantly underrepresented in the
drill cores compared to the seawater samples. Although the
latter genera are generally detected in seawater, they were
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FIGURE 4 | Vertical distribution of the microbial communities at the phylum or class level detected in the 17 drill core samples from the subsurface of the Surtsey
volcano using universal primer set and archaeal primer sets.
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significantly overrepresented in the borehole fluids collected
before drilling, indicating that marine microorganisms (or their
DNA) naturally infiltrate the subsurface basaltic deposits. Other
overrepresented ASVs in the borehole fluids, as compared to
the drill core samples, included unassigned Acetothermiia,
BRH-c8a (Desulfallas-Sporotomaculum), Ruegeria, Rhodobaca,
unassigned RBG-16-55-12 (Actinobacteriota), Conexibacter,
Desulfosporosinus, Desulfatiglans, unassigned Ammonifexales,
and Ammonificaceae, among others (Supplementary Table S5).
Archaeal taxa that proved to be overrepresented in the
borehole fluids included wunassigned Thermoplasmata,
Hydrothermarchaeales, Syntrophoarchaeaceae, and the genus
Thermococcus. Using the archaeal primer sets, unassigned
Thermoplasmatota and Bathyarchaeia were added to the list
of overrepresented archaeal taxa detected using the universal
primer set (Figure 5, Supplementary Table S5).

Comparing the four categories of drill cores, ASVs
overrepresented in the drill core samples from the subaerial
tuff cone (DC_1; 23-35m b.s.; 20-36°C in 2017) were assigned
to the genera Thermaerobacter, Thioalkalimicrobium,
Salinarimonas, Marinobacter, Nioella, Ectothiorhodospira,
Polaribacter, and unassigned Limnochordaceae (Figure 5). No
ASVs were significantly overrepresented in drill core samples
from the zone of daily intertidal fluctuations (DC_2; 44-65m
b.s.; 59-101.5°C in 2017) compared with the other categories
of drill core samples. Although one ASV assigned to Geobacillus
is significantly overrepresented in the drill core samples from
the hydrothermal temperature maximum (DC_3; 78-139m
b.s.; 97-124°C in 2017), this is similar to the drill core samples
located below the zone of seawater inflow (DC_4; 157-181m
b.s.; 37-84°C in 2017). These samples shared significant ASVs
with the seawater samples, including Flavicella, NS4 marine
group from the Flavobacteriaceae family, Synechococcus CC9902,
Planktomarina, and Sulfitobacter. The presence of these taxa
further suggests an infiltration of marine microorganisms
associated with the infiltration of cool seawater at 145-155m
depth, if we presume that no drilling fluid contamination
remains.

Possible Biotic Structures Revealed by
SEM Images

To determine whether the detected DNA sequences could
be derived from planktonic cells in interstitial pore fluids or,
alternatively, attached to surfaces of the lapilli tuff and to
investigate their organization on the basaltic substrate, SEM
studies were undertaken on six drill core samples, differing
in depth (C4, C9, C22, C49, C55, and C65).

All six lapilli tuff samples are porous with high water
absorption (Jackson et al., 2019b). Vesicles with spherical shapes
10-80pum in diameter occur in all samples, and platy clay
mineral structures, with flower petal morphologies, indicate
alteration of the original volcanic glass (Jakobsson and Moore,
1986; Figure 6B). The distribution of microstructures varies
with sampling depth; here, we focus on instructive samples at
32m b.s (C9) and 65m b.s (C22). Some vesicle surfaces are
covered by a net of thin filaments with an approximate diameter
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FIGURE 5 | Relative abundance of taxonomic bins from all significant ASVs
identified by differential abundance analyses using both universal and
archaeal primer data sets. Sample types: F, fumarole (n=2); BF, borehole fluid
(n=18); DC, drill core (n=17); SW, seawater samples (n=4). Categories of drill
cores: DC_1, drill cores from the subaerial deposit (n=2); DC_2, just above
and at a zone of daily intertidal fluctuations at coastal sea level (1=3); DC_3,
in the submarine deposit at the hydrothermal temperature maximum (n=7);
DC_4, in the submarine deposit below the zone of seawater inflow (n=5).

of 10nm. These features are closely intertwined with one other
and could possibly correspond to extracellular polymeric
substances-like (EPS) structures (Thorseth et al., 2001, 2003;
Sudek et al., 2017), perhaps representing a “relic” of past biofilm
activity (Figures 6A,B). In other vesicles, spheroidal elements
correspond to putative microbial cells 2pm in diameter
(Figure 6C) as previously described (Thorseth et al, 2001,
2003). Furthermore, these vesicles are covered by fibrillar-like
microstructures (Figure 6D), that appear texturally different
from the EPS-like structures (Figure 6B). They occur as nets
of oriented fibers with ramifications; some seem to be attached
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to the spheroidal structures. Energy dispersive X-ray analysis
on the spheroidal elements does not detect carbon or phosphate
but, instead, detects magnesium, aluminum, and iron. They
therefore seem to have an inorganic origin.

Wrinkled dome structures are observed in many vesicles
at 65m b.s (Figure 6E) with a diameter size of 10-20pm. A
network of intercrossed filaments covers the surface of the
dome or mound (Figure 6F). Their wrinkled appearance could
be explained by the sample preparation for SEM images, which
includes gradual dehydration. EDX analyses investigate the
chemical signature of the wrinkled dome structures
(Supplementary Figure S7). The superposition of the spectra
corresponding  to  the  adjacent clay  mineral(s)
(Supplementary Figure S7, red area) and the wrinkled dome
structures (Supplementary Figure S7, blue area) shows
enrichment in carbon, oxygen, sodium, phosphate, and calcium
in the crinkled ridge of the mound. These could possibly
indicate elements associated with the cells and biomass of
a biofilm.

DISCUSSION

Microbial colonization by pioneer communities can occur
within months on freshly deposited erupted volcanic rocks
in geothermally active environments (e.g., Konhauser et al.,
2002; Kelly et al, 2014). The Surtsey geothermal system
offers a highly unusual site to study rapid microbial colonization
in newly formed oceanic crust at <100years and>50°C.
Results of the analysis described in Figures 3, 4, and 6
suggest that diverse microbial communities have developed
in the Surtsey deposits only 50years after the eruptions
ended. Communities attached to the lapilli tuff of drill core
samples are significantly different from communities in
associated fluids (Figures 3A,B). Similar observations have
previously been reported in crustal environments (Ramirez
et al,, 2019). The Surtsey data suggest that fumaroles, borehole
fluids, drill cores, and seawater samples harbor significantly
distinct microbial communities (Figures 3B,C). Yet, taxa are
shared between these sample types (Figure 3D), suggesting
possible transfer of microorganisms among these habitats.
The hot fumarole samples from the surface of Surtsey at
82.3 and 85.6°C harbor microbial communities that are more
similar to those of the drill core samples located above sea
level in the subaerial deposits (e.g., samples C4, C9, 23-35m
b.s.; Figure 2B). This suggests that some species could disperse
through the subaerial tuff cone above sea level up to the
surface through fumarole activity (Tin et al., 2011). Excluding
all the drilling fluid ASVs contaminants, microbial communities
detected in the seawater samples are closer in community
structure to the drill core samples from the zone of seawater
inflow (sample C52, 148 m b.s., Figure 2B) and to the samples
in proximity to the seafloor (sample C65, 181m b.s,
Figure 2B). This suggests that microorganisms from the
seawater surrounding the island (i) infiltrate the submarine
tephra deposits, following the seawater inflow at about 148 m
b.s (Jakobsson and Moore, 1986; Jackson et al., 2019b; Kleine

et al, 2020), and (ii) occupy the deeper zone of poorly
consolidated tuff through indirect infiltration of the seawater
and its circulation via the seafloor. The ability of some species
to expand across ecosystems and adapt to new environmental
conditions (Sriswasdi et al,, 2017) has possibly driven the
subsurface colonization of the Surtsey volcano. Species that
cannot survive might serve as supply of fermentable organic
molecules for the subsurface heterotrophic microorganisms
(Li et al, 2020).

Assessment of contamination by Drilling
Fluid

The problem of subsurface sample contamination during
drilling operations is well-known (Barton et al., 2006; Lever
et al., 2006; Kieft, 2010; Santelli et al., 2010; Sheik et al.,
2018) since drilling operations require the use of circulating
fluid that inevitably infiltrates into the drill core. As a result,
the recovery of uncontaminated rock is nearly impossible
(Friese et al., 2017; Kallmeyer, 2017). Conventional methods
to assess contamination include the addition of tracer
compounds to the drilling fluid. These include fluorescent
dyes (Pellizzari et al., 2013), perfluorocarbon tracers (PFT;
Lever et al., 2006; Inagaki et al., 2016; Orcutt et al., 2017),
and microsphere tracers (Kallmeyer et al., 2006; Yanagawa
et al., 2013). The use of these tracer compounds is prohibited
on Surtsey due to the protected environmental status of the
island (Baldursson and Ingadottir, 2007). Furthermore, their
performance in the Surtsey system would have been quite
problematic. Although fluorescent dyes have the advantages
of high sensitivity for detection, low cost, and ease of use
(Pellizzari et al., 2013), they are unstable at low pH (Zhu
et al., 2005) and are also susceptible to degradation in the
presence of light (Diehl and Horchak-Morris, 1987).
Measurements of Surtsey subsurface borehole fluids extracted
from SE-01 in 2016 showed pH values decreasing to 5 at
some depths (Kleine et al., 2020). Water tanks containing
the drilling fluid were exposed to sunlight during the long
Icelandic summer days. The detection of PFTs must
be performed immediately on fresh cores because of the high
volatility of the PFTs and requires elaborate equipment (Lever
et al.,, 2006) whose transport by helicopter to Surtsey would
have been very difficult. Finally, microsphere tracers decompose
under high-temperature conditions (Yanagawa et al.,, 2013)
and would not have performed well in the Surtsey hydrothermal
system, which currently exceeds 120°C at some depths
(Marteinsson et al., 2015; Jackson et al., 2019b). Because of
the unique circumstances of drilling on Surtsey, the filtration
and UV sterilization of the drilling fluid was the most effective
strategy to manage contamination. We then mitigated this
strategy with a simple overlap approach that is commonly
used in environmental microbiology studies to identify and
remove contaminants (Sheik et al., 2018). At the ASVs level,
this approach enabled the distinction between marine
contaminants from the drilling fluid and possible endemic
residents, providing a firm basis for the exploration of microbial
life in this extreme and unusual habitat (Figure 2).
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4 Spheroidal
elements

FIGURE 6 | Scanning electron micrographs of Surtsey tephra surfaces in drill core samples. (A,B) Platey clay mineral and EPS-like structures, 65m b.s., sample
C22. (C,D) Vesicle surfaces in altered basaltic glass are covered by a net of fibrillar-like structures that appears to be attached to spheroidal elements, 32m b.s,
sample C9. (E,F) Wrinkled dome structures, or mounds, are covered by a network of filaments, 65m b.s, sample C22.
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The DNA concentration in the drill core samples, measured
using a QuBit fluorometer, ranged from 0.2-1.36 ng.g™" of basalt,
which is in good correlation with other basaltic environments
(Fisk et al, 2003; Herrera and Cockell, 2007). Surprisingly,
DNA concentration did not correlate with variations in
temperature (Supplementary Figure S2a). It does decrease with
depth (Supplementary Figure S2b), as previously observed in
terrestrial and marine subsurface habitats (Cockell et al., 2012;
Ciobanu et al., 2014; Mcmahon and Parnell, 2014), but not
significantly. The presence of contaminant DNA in the
low-biomass basaltic core samples quite possibly distorts these
results. Indeed, low DNA concentration exacerbates issues of

external contamination (Sheik et al., 2018). When using 16S
rRNA gene sequencing to analyze low-biomass samples, the
amplification and sequencing of contaminant DNA are introduced
during extraction and library preparation steps, and the risk
of well-to-well contamination is high (Minich et al, 2019).
The low biomass and the presence of external contamination
also influence the sequencing results by affecting the magnitude
and biological provenance of analyzed sequences. Therefore,
it is of crucial importance to use negative controls and optimal
decontamination approaches. The inclusion of bacterial mock
communities as extraction and sequencing controls would have
been beneficial for the study (Pollock et al., 2018). We emphasize
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that all samples were handled with extreme care during all
steps of the project to minimize, identify and remove
contaminants using a combination of experimental and
computational methods. The lists of contaminants that have
been identified based on the presence/absence of ASVs across
samples, their relative abundances, and their taxonomic
assignment (Supplementary Tables S1, S2 and S4) should
be valuable for future microbial explorations of the oceanic
crust. In addition to the low biomass and the presence of
external contamination affecting the results, we should keep
in mind that the compositional nature of the data has limits.
Indeed, the data set reported in this study was obtained by
16S rRNA gene amplicon sequencing; thus, the data are
compositional being based on relative abundances, which sum
to a constant. Therefore, the analytical approaches (e.g,
rarefaction, normalization) and statistical methods (e.g., ANOVA)
used to study microbiome data influence the results and can
potentially be are subjected to inflated false discovery rates
(Gloor et al.,, 2017). This can lead to the lack of reproducibility
among microbiome studies and misinterpretations of microbial
community structures (e.g., alpha diversity).

Putative Inhabitants of the Subsurface

Many of the taxa detected in the SE-01 borehole fluid samples
match DNA sequences previously identified in hot springs,
hydrothermal vents, and subsurface environments (Figure 5).
For example, sequences assigned to the class Acetothermiia
closely match with DNA sequences previously found in
hydrothermal sediments (GenBank: FM868292). Members
of this class were previously detected in anaerobic digesters,
hot springs, and other deep biosphere studies (Takami et al.,
2012; Jungbluth et al., 2017; Zaitseva et al., 2017; Hao et al.,
2018; Korzhenkov et al., 2018). Sequences assigned to the
genus BRH-c8a from the family Desulfallas-Sporotomaculum
match closely with sequences retrieved from deep groundwater
(LC179584) and group with the genus Desulfotomaculum
that can be found in deep subsurface environments (Sousa
et al., 2018; Watanabe et al., 2018). Other sequences belonging
to the class Desulfotomaculia are assigned to Ammonifexales
and Ammonificaceae; these are related to DNA sequences
retrieved from petroleum reservoirs (MF470409). In addition,
sequences assigned to Desulfosporosinus closely match
sequences retrieved from coal formation waters (KC215435),
while sequences assigned to Desulfatiglans match with
sequences found in hydrothermal vents (AB294892). Among
the abundant ASVs detected in the borehole fluids, an early-
branching, uncultivated actinobacterial clade identified as
RBG-16-55-12 in the SILVA database release 138 has been
previously detected in serpentinite-hosted systems (Merino
et al,, 2020). Uncharacterized Thermoplasmata are also detected
in serpentinite subsurface deposits (Motamedi et al., 2020),
yet numerous sequences assigned to this class from the SE-01
borehole fluid samples showed less than 90% of sequence
similarity with the first match on the NCBI Nucleotide
collection database (AB327321). These results suggest that
all the latter taxa could be endemic in the Surtsey subsurface

deposits and perhaps could be common in other oceanic
or continental subsurface habitats, as well. Other taxa detected
in the SE-01 borehole fluid samples are usually found in
seawater, including  Halomonas,  Pseudoalteromonas,
Sulfitobacter, Aliivibrio, and Shewanella (Figure 5). The
presence of marine microorganisms in the SE-01 borehole
fluid before new drilling began in 2017 further demonstrates
that the infiltration of seawater transports marine
microorganisms into the subsurface and its hydrothermal
system. These species are also frequently detected in cool
basaltic oceanic crust (Templeton et al.,, 2005; Mason et al.,
2007; Zhang et al., 2016), and the question of whether or
not these species survive in the Surtsey hydrothermal system
could depend on the influence of temperature (Edwards
et al, 2012; Baquiran et al, 2016; Ramirez et al., 2019).
Scanning electron microscopy studies of instructive drill
core samples reveal possible biotic structures whose size,
morphology, and fabrics seem to be consistent with
EPS-microcolony complexes that are attached to the basaltic
substrate (Figure 6, Supplementary Figure S7; Thorseth
et al, 2001, 2003; Nakagawa et al., 2006). Indeed, some
taxa detected in the drill core samples could represent
endemic inhabitant of the basaltic subsurface of the island,
which can be divided into two distinct habitats: the subaerial
tuff cone and the submarine tuff deposits. In the subaerial
tuff cone (DC_1; 23-35m b.s.; 20-36°C in 2017), the taxa
include the genera Thermaerobacter, Thioalkalimicrobium,
Salinaromonas, ~ Marinobacter, —and  Ectothiorhodospira
(Figure 5). Thermaerobacter are thermophilic to extremely
thermophilic bacteria found in terrestrial and oceanic
subsurface environments (Spanevello et al., 2002; Takai et al.,
1999).  Thioalkalimicrobium,  Ectothiorhodospira, — and
Salinarimonas are detected in alkaline and saline habitats
such as soda lakes (Sorokin et al., 2001), saline soil (Cai
et al,, 2011), or salt mines (Liu et al., 2010). The presence
of Marinobacter only in the tuff deposits above sea level
is curious since it is a common lineage found in marine
basaltic habitats, including ridge-flank systems and seamount
(Templeton et al., 2005; Zhang et al., 2016). Nevertheless,
the presence of these taxa in the subaerial deposits suggests
adaptation of the microbial communities to more extreme
environmental conditions, such as high temperature, high
salt concentration produced by NaCl saturation from seawater
evaporation or from alkaline pH produced by basaltic glass
dissolution at low fluid-rock ratios (Kleine et al., 2020).
No hyperthermophilic species were significantly enriched
in the drill core samples from the hydrothermal temperature
maximum (DC_3; 78-139m b.s.; 97-124°C in 2017 and
100-141°C in 1979), yet two thermophilic species Thermus
and Geobacillus from the Thermoleovorans group were
detected (Figure 5). Based on these results and the taxa
detected in the SE-01 borehole fluids, it seems that microbial
life may persist in subsurface deposits that have experienced
temperatures >120°C, the presumed temperature for functional
microbial life. The hydrothermal zone at about 100m b.s.
could act as a dispersal barrier that provides an obstacle
to the transfer of live cells from the zone of tidal flux and
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FIGURE 7 | Overview of the putative metabolisms and microbial dispersion scenario of the subsurface of Surtsey volcano.

upper submarine deposits to the deeper submarine deposits
(e.g., samples C27; 78 m b.s. and C52; 148 m b.s.). Furthermore,
no significant difference exists between the observed microbial
communities from the lowermost submarine deposits below
the zone of cool seawater inflow (DC_4; 157-181m b.s;
37-84°C in 2017) and the other submarine deposits
(Supplementary Figure S6). Shared taxa mainly
include mesophilic Proteobacteria such as unassigned
Sphingomonadaceae, Glaciecola, Arenicella, Oceaniserpentilla,
and Piscinibacter that are commonly found in marine habitats.
In addition, Candidatus Nitrosopumilus and unassigned
Thermoplasmata from the Marine Group II were detected
in great abundance (Figure 5). Those taxa have been previously
detected in marine basalts and deep seawater circulation
through oceanic crust (Mason et al, 2007; Singer et al,
2015; Suzuki et al., 2020; Bergo et al., 2021). Although the
deep ocean is typically enriched in archaeal cells, other
marine environments usually show a dominance of bacterial
lineages (Karner et al., 2001). This has been previously
observed in  the basaltic crust. For example,
Gammaproteobacteria and Alphaproteobacteria are detected
in great abundance in the seafloor basaltic glass of the East
Pacific Rise (Santelli et al., 2008, 2009), the Arctic spreading

ridges (Lysnes et al., 2004), altered basalts from the Hawaiian
Loihi Seamount (Templeton et al., 2005; Santelli et al., 2008;
Jacobson Meyers et al.,, 2014), and the Mid-Atlantic Ridge
(Rathsack et al., 2009; Mason et al., 2010). Deltaproteobacteria,
Firmicutes, Gammaproteobacteria, and Bacteroidetes are also
detected in great abundance in the Juan de Fuca Ridge
flank and the Costa Rica Rift (Nigro et al, 2012;
Jungbluth et al, 2013, 2014). Our results support the
dominance of bacterial lineages in marine basalts.

While most taxa could be identified at a low taxonomic
rank, many others were not assigned to a known genus,
family, or even order. For example, many sequences detected
in this study fell into unknown clades, including Acetothermiia,
Ammonifexales, Bacilli, RBG-16-55-12 from the phylum
Actinobacteriota, Sphingomonadaceae, Limnochordaceae, and
Saccharimonadales, among others. Likewise, many archaeal
sequences could not be identified further than the phylum
level, including unassigned  Thermoplasmatota  and
Halobacterota, or the class level, including unassigned
Thermoplasmata and Bathyarchaeia. Hence, the subsurface
biosphere of Surtsey lapilli tuff and tephra, as well as fluids,
could have high potential for discoveries of new
microbial clades.
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Metabolic Potential

The metabolic potential of the endemic subsurface microbial
communities can be discussed with some degree of certainty,
while remaining mindful of the difficulties inherent to
identifications based on 16S rRNA gene sequence analysis.
To support our hypotheses, predictive functional analyses
were performed using PICRUSt2. A few MetaCyc pathways
were selected to represent the functional potential of the
bacterial and archaeal communities for carbon, sulfur, nitrogen,
and methane metabolism (Supplementary Figures S8, S9).
Many genera reported in this study belong to taxonomic
clades with known metabolisms that are involved in both
heterotrophy and chemolithoautotrophy (Figure 7). The
presence of putative sulfate-reducing bacteria strongly suggests
a potential for active sulfate reduction, including
Desulfosporosinus, Desulfatiglans, and the Desulfotomaculia
class, among others. In addition, sulfur oxidizers were detected,
such as the genera Thioalkalimicrobium, Sulfurospirillum,
Sulfurimonas, Ectothiorhodospira, and Sulfurihydrogenibium.
The observation of these bacterial taxa possibly involved in
sulfate reduction and sulfur oxidation suggests an active sulfur
cycle in the subsurface of Surtsey (Supplementary Figure S8),
as has previously been reported in similar ecosystems (Bach
and Edwards, 2003; Lever et al., 2013; Suzuki et al., 2020).
This is further reinforced by the detection of archaea possibly
involved in the sulfur cycle, such as Thermococcus, Pyrococcus,
and Archaeoglobus. Also, characterized members of the
Thermoplasmatales are typically involved in sulfur cycling
(Barton et al., 2014; Arce-Rodriguez et al., 2019). These taxa
coincide with deposits that contain sulfate minerals, principally
anhydrite and gypsum (Jakobsson and Moore, 1986; Kleine
et al.,, 2020; Prause et al., 2020).

In addition, the genus Methanobacterium from the order
Methanobacteriales dominates the archaeal sequences of drill
core sample C55, at 157 m depth (Figure 3). The MetaCyc
pathways detected in this sample using the archaeal data
set were mainly involved in methane metabolism (e.g.,
methanogenesis from H, and CO,, coenzyme B biosynthesis,
coenzyme M biosynthesis I; Supplementary Figure S§9). One
taxon from the same order of Methanobacteriales was
previously reported to dominate the SE-01 borehole fluid
microbial communities sampled in 2009 at similar depth
(Marteinsson et al., 2015). Methanobacterium spp. grows by
reducing carbon dioxide to methane and uses molecular
hydrogen as the electron donor (Kern et al., 2015). Hence,
these taxa could play an important role as primary producers
in this ecosystem, at least at certain depths. The possible
occurrence of an active methane cycle is supported by the
presence of other methanogens (e.g., Methanosarcinia
(Syntrophoarchaeaceae), Methanomassiliicoccales
(Methanothermus, Methanoregula), as well as methanotrophic
(e.g., Methylocella, Methylacidiphilaceae), and methylotrophic
(e.g., Hansschlegelia, Methylopila, Methylophilaceae (OM43
clade), Methylophaga) bacteria, despite their relatively low
abundances. The observation of genera such as Geobacter,
Rhodoferax, Marinobacter, Shewanella, and Ferruginibacter,
as well as Hydrogenophilus and Hydrogenophaga, could indicate

that iron and hydrogen are electron donors within the
ecosystem, as previously reported for other subsurface habitats
(Bach and Edwards, 2003; Bach, 2016; Zhang et al., 2016).
In addition, putative ammonium-oxidizing archaea belonging
to the Marine Group II and Candidatus Nitrosopumilus
suggest an ability to transform nitrogen compounds as
previously reported in the oceanic crust (Daae et al., 2013;
Orcutt et al, 2015; Jorgensen and Zhao, 2016; Zhao
et al., 2020).

CONCLUSIONS

The 1979 and 2017 drilling projects at Surtsey volcano provide
a rare opportunity to explore the subsurface microbial diversity
of a very young basaltic island associated with an active
hydrothermal-seawater system in newly formed oceanic crust.
A cored borehole dedicated to microbiology research in the
2017 drilling operation probes a low biomass but highly diverse
habitat that hosts bacterial and archaeal clades, including
extremophiles, that have been previously detected in other
terrestrial and marine environments. Many clades, however,
fall into as-yet-unknown lineages. The 16 s rRNA gene amplicon
sequencing data provide insights into diverse sources of microbial
colonization in newly formed oceanic crust, with potential
dissemination from the deep subsurface, surrounding seawater,
and surface ecosystems. The island of Surtsey may thus
be regarded as a porous, sponge-like basaltic structure that
absorbs cells from the surrounding environments and selects
microorganisms that can adapt to the extreme environmental
conditions that exist within the volcano. The data also provide
a baseline for long-term observations of the microbial
communities inhabiting the subsurface of Surtsey and their
temporal succession amid a changing hydrothermal environment,
in which poorly consolidated tephra lithify to form well-
consolidated lapilli tuff. Further research, including metagenomic
sequencing, will increase our knowledge of the metabolism
and function of the microbiome in this very young
basaltic environment.
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Abstract: The oceanic crust is the world’s largest and least explored biosphere on Earth. The basaltic
subsurface of Surtsey island in Iceland represents an analog of the warm and newly formed-oceanic
crust and offers a great opportunity for discovering novel microorganisms. In this study, we collected
borehole fluids, drill cores, and fumarole samples to evaluate the culturable bacterial diversity
from the subsurface of the island. Enrichment cultures were performed using different conditions,
media and temperatures. A total of 195 bacterial isolates were successfully cultivated, purified, and
identified based on MALDI-TOF MS analysis and by 165 rRNA gene sequencing. Six different clades
belonging to Firmicutes (40%), Gammaproteobacteria (28.7%), Actinobacteriota (22%), Bacteroidota
(4.1%), Alphaproteobacteria (3%), and Deinococcota (2%) were identified. Bacillus (13.3%) was
the major genus, followed by Geobacillus (12.33%), Enterobacter (9.23%), Pseudomonas (6.15%), and
Halomonas (5.64%). More than 13% of the cultured strains potentially represent novel species based
on partial 165 rRNA gene sequences. Phylogenetic analyses revealed that the isolated strains were
closely related to species previously detected in soil, seawater, and hydrothermal active sites. The
165 rRNA gene sequences of the strains were aligned against Amplicon Sequence Variants (ASVs)
from the previously published 165 rRNA gene amplicon sequence datasets obtained from the same
samples. Compared with the culture-independent community composition, only 5 out of 49 phyla
were cultivated. However, those five phyla accounted for more than 80% of the ASVs. Only 121
out of a total of 5642 distinct ASVs were culturable (>98.65% sequence similarity), representing less
than 2.15% of the ASVs detected in the amplicon dataset. Here, we support that the subsurface of
Surtsey volcano hosts diverse and active microbial communities and that both culture-dependent
and -independent methods are essential to improving our insight into such an extreme and complex

volcanic environment.

Keywords: oceanic subsurface; culturable microbial diversity; bacteria; extreme environment;
Surtsey; Iceland

1. Introduction

The oceanic crust represents the largest habitable environment on Earth and one of
the least explored ecosystems on our planet [1]. Numerous extremophiles were previ-
ously reported in crustal fluids, including thermophilic fermenters, sulfate reducers, and
methanogens [2-5]. Despite the undeniable existence of microbial activity in the oceanic
crust [4-11], little is known about the diversity of microbial species from such environ-
ments. Advances in molecular techniques, high-throughput sequencing technologies, and
bioinformatics have led to major improvements in exploring microbial communities in their
environment and provided tools for studying the diversity, distributions, and activities
of microorganisms without the need to cultivate them [12]. Such methods resulted in
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the discovery and characterization of rare biospheres in the most extreme environments,
giving precious clues to the metabolic potential and activity of many yet-to-be cultivated
microorganisms [12-15]. Nevertheless, cultivation-dependent methods still remain the
best tool for studying a microorganism’s physiology, metabolism, and ecology in ways
that cannot be achieved using culture-independent approaches (e.g., [16]). Furthermore,
cultivation can offer complementary insights into an ecosystem in combination with molec-
ular tools, although the culturable microorganisms represent a minor component of the
actual microbial community [17-20]. This includes the ecological role of the culturable
microorganisms in the environment, their physiological limits, and their adaptive capacities
to extreme conditions.

The island Surtsey is a rift zone volcano located in the south of Iceland that emerged
from the seafloor between 1963 and 1967 [21-23]. In 1979, a cored borehole (SE-01)
was drilled through the young volcano for geological exploration [22,24]. The active
hydrothermal-seawater system discovered passes through the subsurface deposits, in
which the maximal temperature of 124.6 °C in 2017 exceeded the presumed upper limit
for functional life [22,25-28]. Thirty-eight years later, three new cored boreholes (SE-02a,
SE-02b, and SE-03) were drilled specifically for microbiological and geological analysis [29-31].
Over the years, many studies have explored the Surtsey edifice in terms of geology, mineral,
and chemical composition, suggesting that fluid—rock interactions in the submarine Surtsey
basaltic deposits behave similarly to basaltic oceanic crust [32-36]. The Surtsey volcano
geothermal system can be considered as analog for seawater—oceanic crust interactions
that occur at seamounts and in ridge flank systems without the presence of overlying
sediments [33]. Surtsey thus serves as a unique natural laboratory for investigating fluid—
rock-microbe interactions, and its boreholes can be thought of as opened windows from
the surface, allowing for the examination of subsurface microbial processes at high tem-
peratures associated with oceanic crust. Diverse bacterial and archaeal taxa were detected
in the subsurface of Surtsey using high-throughput sequencing [27,37]. Although many
of these taxa were previously reported in surface and subsurface habitats in both terres-
trial and marine settings, many of the newly discovered clades belonged to previously
unknown lineages [37].

In this study, we used both specific and non-specific culture media under various
temperature conditions to enrich high diversity of microorganisms from the subsurface of
Surtsey, which includes fumarole, borehole fluid, and drill core samples. The objectives
were (i) to describe the subsurface culturable microbial diversity; (ii) to determine if the
application of a diverse range of media, temperature, and cultivation methods can enable
the isolation of subsurface microorganisms previously only detected through culture-
independent analysis; and (iii) to contribute to the understanding of the cultivable diversity
of extreme subsurface environments, especially in the warm and newly formed oceanic crust.

2. Materials and Methods
2.1. Study Site and Sample Collection

The sampling site, Surtsey island (63°18'10.8” N; 20°36'16.9” W), is located approxi-
mately 35 km from the south coast of Iceland, within the southern offshore extension of
Iceland’s Eastern Volcanic Zone. All samples were collected on the island between 2016
and 2018. The hydrothermal system was active with a maximal temperature of 124.6 °C
at 100 m depth in 2017 [24,26-28]. Three sample types were collected for cultivation
purposes (Table 1): (i) drill core samples collected at successive depths from SE-02a and
SE-02b, (ii) borehole fluids from the four drill holes (SE-01, SE-02a, SE-02b, and SE-03),
and (iii) condensed steam and biomass from fumarole outlets located on the two tephra
cones (63°18/15.4” N 20°36'07.7” W and 63°18/19.9” N 20°36'24.7” W). All samples were
immediately processed aseptically on-site and kept at 4 °C [30,37].

Drill cores were sampled during the ICDP SUSTAIN drilling operation at Surtsey in
2017 [30,37]. At the drill site, an 8 cm section was cut from every third 3 m core run at 70 cm
from the top and was immediately removed from the liner, put into a sterile plastic bag,
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oxygen-removed by GasPak™ (BD), and stored at 4 °C. In the laboratory, drill core samples
were fragmented with a hammer into an anaerobic chamber (atmosphere: N, /CO,/Hj:
80/10/10, Coy Laboratory Inc., Grass Lake, MI, USA), and interior fractions were split
into smaller pieces in a mortar. All tools for crushing were autoclaved, disinfected by
ethanol, and flamed before and between each use. Two cultivation methods were tested
with the drill core samples. Some basaltic samples were transferred into artificial seawater
(ASW) supplemented by Wolin’s vitamin solution (DSMZ, medium 141) (1X) [38]. After
being shaken overnight and stored at 4 °C for sedimentation, the supernatant was used
for cultivation. In addition, small pieces of basalt were directly transferred into media
for enrichment. Borehole fluid samples were collected using a stainless-steel bailer, as
previously described in [27]. Steam from fumaroles was collected over 12 h of continuous
sampling by introducing a sterile rubber hose into the outlet of the fumarole with the other
end connected to a sterile plastic container. Both borehole fluids and steam, with were
condensed into water, from fumarole were aliquoted, reduced by Na;S solution (0.05% w/v
final concentration), and stored at 4 °C. In addition, biomass samples (mud and dead flies)
were collected aseptically near the outlet fluxes and were stored at 4 °C in falcon tubes in

anaerobic conditions using GasPak™ (BD).

Table 1. Sample collection.

Collection Collection
Sample ID Sample Type Sampling Date Depth Temperature
(mb.s.) Q)
16.2 Borehole fluid 9 June 2016 166 54
16.7 Borehole fluid 9 June 2016 160 60
16.8 Borehole fluid 9 June 2016 mix n.a.
171 Borehole fluid 3 August 2017 58 85
17.2 Borehole fluid 3 August 2017 120 116
17.3 Borehole fluid 3 August 2017 150 76
17.4 Borehole fluid 3 August 2017 160 52
17.5 Fumarole 5 August 2017 0 64.2-82.3
17.6 Fumarole 4 August 2017 0 40.8
17.8,17.9,17.F Fumarole 4 August 2017 0 56.1-74.6
17.11 Borehole fluid 6 September 2017 140 116
17.13 Borehole fluid 6 September 2017 280 58
17.14 Borehole fluid 6 September 2017 mix na.
17.15 Borehole fluid 6 September 2017 75 98
17.16 Borehole fluid 5 September 2017 60 90
17.17 Borehole fluid 5 September 2017 80 116
17.18 Borehole fluid 5 September 2017 90 122
17.19 Borehole fluid 5 September 2017 100 124
17.22 Borehole fluid 5 September 2017 160 61
17.23 Borehole fluid 5 September 2017 mix na
18.1 Borehole fluid 19 September 2018 mix n.a
18.2 Borehole fluid 19 September 2018 mix n.a
18.3 Borehole fluid 19 September 2018 mix n.a.
B3 Drill core 10 August 2017 15 153
B9 Drill core 11 August 2017 32 30
B24 Drill core 12 August 2017 70 109
B30 Drill core 13 August 2017 87 121
B36 Drill core 14 August 2017 105 123
C55 Drill core 25 August 2017 156 64
C59 Drill core 25 August 2017 167 55
Ce2 Drill core 25 August 2017 176 44.5
C65 Drill core 25 August 2017 181 37

n.a.: not availble.
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2.2. Media Preparation, Enrichment, and Strains Isolation

Seven different culture media were tested, non-selective and selective (e.g., media for
methanogens, iron, sulfate, and sulfur reducers), at various temperatures (i.e., 22 °C, 40 °C,
60 °C, and 80 °C) and under both aerobic and anaerobic conditions.

Aerobic cultures were performed on plates and in liquid non-selective media for ma-
rine heterotrophs (MB: Marine Broth 514 medium, BD Difco™) at pH 7 and 9 and in medium
166, a standard medium for aerobic thermophiles [39], supplemented with 2% NaCl
(Table S1). Two jellifying agents were used: agar (14 g/L, Sigma-Aldrich, Deissenhofen,
Germany) for incubation temperature below 60 °C or Phytagel™ (8 g/L, Sigma-Aldrich,
Deissenhofen, Germany) for incubation temperature above 60 °C.

Anaerobic cultures were prepared in liquid selective media containing modified ASW,
with the addition of different substrates (solution A) (Tables S2-S5). Those media were
tested with different salinities (1 to 3% (w/v) NaCl). The modified ASW basis contained per
liter of distilled water: NaCl (10 to 30 g), NH4Cl (0.5 g), MgSO4-7H,0 (3.4 g), MgCl,-6H,O
(4.18 g), KC1 (0.33 g), FeSO4-7H,0 (0.01 g), NaySeOs-5H,0 (1 mg), and PIPES buffer (3 g).
Before being autoclaved, a few drops of resazurin (0.1% w/v) were added to the modified
ASW as an indicator of O, variations and substrates were differentially added to the
different media as follows (per liter): the medium for sulfur-reducing microorganisms
(modified YPS, Table S2) contained a yeast extract (0.5 g) and peptone (0.5 g), and pH
was adjusted to 7; the medium for sulfate-reducing microorganisms (SO, Table S3) was
supplemented by NaySO4 (0.2 g), a yeast extract (0.2 g), L-lactate (0.5 g), Na-pyruvate
(0.5 g), and L-ascorbate (0.5 g), and pH was adjusted to 7.5; the medium for iron-reducing
microorganisms (I, Table S4) contained Fe (III) citrate (10 g) and Na-acetate (0.1 g), and pH
was adjusted to 8; and the medium for methanogens (M, Table S5) was supplemented by a
yeast extract (1 g), and pH was adjusted to 7.5.

In parallel, solutions B (K;HPOy at 2.8% w/v) and C (CaCly-2H,O at 10% w/v) were
prepared and autoclaved separately. A trace elements solution (DMSZ 141 medium) was
prepared as well and was filtrated-sterilized (0.22 pm filter). After sterilization and cooling,
the solutions were added to solution A as follows: 5 mL of solution B, 5 mL of solution C,
and 10 mL of the trace element solution. In addition, 10 g of elemental sulfur and 10 mL
of the filtrated-sterilized solution of vitamins (DMSZ 141 medium) were added into the
medium YPS (Table S2); 20 mL of NaHCOj3 (0.1% w/v) was added into the medium SO
(Table S3); 10 mL of a filtrated-sterilized solution of vitamins (DMSZ 141 medium), 20 mL
of NaHCOj3 (0.2% w/v), and 0.25 mL of NapWO,-2H,0 (0.1% w/v, N,) were added into
the medium for I (Table S4); and 10 mL of a vitamin solution (DMSZ 141 medium), 20 mL
of NaHCO3 (0.2% w/v), 0.5 g/L of coenzyme M (2-mercaptoethanesulfonic acid), and 5 mL
of methanol were added into the medium M (Table S5).

All media were supplemented with a gas phase of Hy/CO, (80/20, 1.5 to 2 bars),
except medium SO, which was supplemented with a gas phase of N, (100, 1.5 to 2 bars).
All media were reduced with a sterile NaS-9H,O solution (0.05% w/v, pH 7, N,) with the
addition of a L-Cysteine-HCI-H,O solution (0.05% w/v, pH 7, Ny) in the medium M.

In the dark, culture media were inoculated with 1 to 3% of the basaltic suspension,
small bits of rock, fumarole biomass fragments, or 1% of fluid samples (borehole fluid and
condensed water from fumarole). The uninoculated culture media were incubated for each
medium and incubation temperature under the same conditions as the negative controls.
After growth was observed in the enrichment cultures, the plates were directly inoculated
with the enrichment culture as an inoculum. If no growth was observed on the plate after
5 days, the dilution-to-extinction technique was employed. Growth was monitored by
colony observation on plates or under the microscope (Olympus BX51 at 100X/1.30 Oil
pH3). Colonies with unique morphological features were selected and were streaked at
least six times before being considered pure. Using the dilution-to-extinction technique for
strain isolation in liquid cultures, pure cultures were obtained from the highest positive
dilution tube [40].
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In total, 195 isolates were added to the Icelandic Strain Collection and Records (ISCaR)
and stored at —140 °C (Table 2). Glycerol (20% v/v) was used as cryoprotectant for aerobic
isolates, and two different preservation methods were used for anaerobic isolates—glycerol
(20% v/v) and dimethyl sulfoxide (DMSO) (0.025% v/v).

Table 2. Phylogenetic affiliations of the isolates based on a comparative analysis of their 165 rRNA
gene sequences with the SILVA database.

Number of

Phylogenetic Family or Sarflp'le Culture Conditions Strains Borel}ole Fumarole Drill
Phylum or Class Genus Origin Fluid Core
Isolated
Actinobacteriota Arthrobacter 17.9,18.1 166, 0,, 22 °C 3 1 2 0
Cryobacterium 16.8 M, O,, 40 °C 1 1 0 0
Frigoribacterium 16.8 M, Oy, 40 °C 1 1 0 0
Microbacterium B3, C59 166, MB, SO, O,, 22 °C 4 0 0 4
Dietzia B9 MB, O,,22°C 1 0 0 1
Georgenia B24 MB, O,, 22 °C 1 0 0 1
Glutamicibacter 17.16 166 and MB, O,, 22 °C 4 4 0 0
Janibacter 17.3,16.7 166, 0,, 22 °C 4 4 0 0
Leifsonia 16.8 M, O,, 40 °C 1 1 0 0
Intrasporangiaceae 17.4 166, 0,,22 °C 2 2 0 0
Kocuria 17.15,17.16 166, 0,,22 °C 2 2 0 0
Micrococcus 16.8, B3 Mand SO, 9 2,22 and 2 1 0 1
40°C
. L. 17.17,17.19, o
Paeniglutamicibacter 182,183 166 and MB, O,, 22 °C 7 7 0 0
Rhodococcus 17.17 MB, O,, 22 °C 1 1 0 0
group 1
Rhodococcus 17.2,17.17, o
group 2 17.22,18.1 166 and MB, O,, 22 °C 5 5 0 0
17.15,17.2, 5
Rubrobacter 17.22, B24 166, O,, 60 °C 4 3 0 1
43 33 2 8
. 17.15,17.2, 5
Bacteroidota Rhodothermus 17.22, B24 166, O,, 60 °C 8 6 0 2
8 6 0 2
Deinococcota Thermus 17'15’7 197'8' 166, O,, 80 °C 4 0 4 0
4 0 4 0
. . 17.11,17.14, 5
Firmicutes Bacillus group 1 17.15, B9 MB, O,,22°C 5 5 0 0
Bacillus group 2 17.1 166, 0,,22 °C 1 0 0 1
Bacillus i;;’ };S’ 166, with and without 15 2 13 0
(para)licheniformis '1’7 F o 0,, 22,50 and 60 °C
Bacillus cereus 17.8,17.15, 166, with and without
17.F, C55, o 5 1 2 2
group Cés 0,,22 and 37 °C
Brevibacillus 17.8 166, O,, 60 °C 2 0 2 0
Brevibacillus 17.1,17.5, o
thermoruber 17.9 166, 02,60 °C 4 1 3 0
Caldalkalibacillus 17.1,17.4 166, O,, 60 °C 6 6 0 0
Geobacillus 17.16 166, O,, 22 and 60 °C 4 4 0 0
Geobacillus
thermoleovorans 17'155 117'8’ 166, O, 60 and 65 °C 20 2 18 0
group ’
Paenibacillus 836555 5 166, 0,,22 °C 8 0 0 8
Planifilum 18.3 166, O,, 60 °C 1 1 0 0
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Table 2. Cont.

. . Number of .
Phylogenetic Family or Sarf\p'le Culture Conditions Strains Borel}ole Fumarole Drill
Phylum or Class Genus Origin Fluid Core
Isolated
Planococcaceae 18.3 MB, O,,22°C 1 1 0 0
Planomicrobium 18.3 166, 0,, 22 °C 2 2 0 0
Ureibacillus 17.4,17.6 166, O,, 60 °C 4 1 3 0
78 26 41 11
Alpha- Brevundimonas 17.16 166, 0y, 22 °C 1 1 0 0
proteobacteria
Paracoccus C65 MB, O,, 22 °C 1 0 0 1
Allorhizobium-
Neorhizobium- B9 MB, O,, 22 °C 2 0 0 2
Pararhizobium-
Rhizobium
Sphingomonadaceae B3 YPS, O,, 22 °C 1 0 0 1
Rhodobacteraceae B3 SO, 0,, 22 °C 1 0 0 1
6 1 0 5
Gamma- Acinetobacter 16.8 M, O, 40 °C 1 1 0 0
proteobacteria
17.15,17.23, °
Halomonas 182,183 166 and MB, O,, 22 °C 11 11 0 0
Marinomonas 17.13,17.15 166 and MB, O,, 22 °C 2 2 0 0
16.2,16.7,
Enterobacter 17.5, B3, vif&év[t Ioa“g;c?c/ 18 5 1 12
C55, C65 w2,
Enterobacteriaceae 17.5 166, 0,,22 °C 1 0 1 0
Pseudoalteromonas 17.23 166 and MB, O,, 22 °C 7 7 0 0
Pseudomonas B30, B36, °
aroup 1 Bo Cop  166and MB,0y,22°C 8 0 0 8
Pseudomonas 18.2,18.3 166, Oy, 22 °C 3 3 0 0
group 2
Pseudomonas 17.8 166, Oy, 22 °C 1 0 1 0
group 3
Serratia 17.5 166, 02,22 °C 1 0 1 0
Shewanella B9 MB, O,, 22 °C 2 0 0 2
Polaromonas 16.8 M, O,, 40 °C 1 1 0 0
56 30 4 22
Total number of 195 9% 51 48

isolated strains

2.3. Identification of Isolates by 165 rRNA Gene Sequencing

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, MALDI-
TOF MS (Microflex LT, Bruker Daltonics, Bremen, Germany), was used for strain differenti-
ation, allowing for the selection of colonies to be sequenced. Each colony was extracted
using a standard formic acid /acetonitrile procedure. In brief, a full loop of fresh culture was
diluted in 300 uL of autoclaved milliQ water and 900 uL of ethanol. After centrifugation
and elution of ethanol, the pellet was dried. Then, depending on the size of the pellet, a
volume between 5 and 30 pL of a 70% formic acid solution was added, followed by the
same volume of acetonitrile. After centrifugation, 1 uL of the supernatant was spotted on
the target plate using a saturated o-cyano-4-hydroxycinnamic acid (HCCA) matrix solution.
Measurements were consistently carried out using the same instrument parameters.

In parallel, single colony DNA was extracted from pure cultures and was carried out
using a fresh 6% Chelex® 100 solution, as previously described [41]. DNA was quantified
with a NanoDrop® ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, USA). From the selected isolates, partial sequences of the 16S rRNA
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gene were amplified using forward primer F9 (“5-GAGTTTGATCCTGGCTCAG-3") and
reverse primer R805 (“5-GACTACCCGGGTATCTAATCC-3") [42]. PCR was performed
using OneTaq® Hot Start DN'A Polymerase (New England BioLabs Inc. (NEB), Ipswich,
MA, USA; #M0481L), according to the recommendation of the manufacturers. The PCR
program started with an initial denaturation step at 94 °C for 30 s, followed by 35 cycles
of denaturation at 94 °C for 30 s, annealing at 52 °C for 1 min, and extension at 68 °C for
1 min. A final extension at 68 °C for 5 min was also included. The negative control was
always used to exclude contamination. The amplification products were confirmed by
agarose gel electrophoresis (1%) stained with SYBR® Safe DNA Gel Stain (Thermo Fischer
Scientific, Waltham, MA, USA; #533102) for 40 min at 100V and 400 mA in a 1X TAE buffer
(2 M Tris, 1 M acetic acid, 50 mM EDTA disodium salt). PCR products were purified using
Exonuclease I (Exol, NEB, Ipswich, MA, USA; #M0293S), Shrimp Alkaline Phosphatase
(SAP, NEB, Ipswich, MA, USA; #M0289S) and were sequenced with an ABI 377 DNA
sequencer using a BigDye Terminator Cycle Sequencing Ready Reaction kit according to
the manufacturer (Perkin-Elmer Applied Biosystems, Foster City, CA, USA). The quality
and analysis of partial 165 rRNA gene sequences obtained from the isolates were checked
with the software Sequencher 5.2.4 software (Gene Codes Corp., Ann Arbor, MI, USA), and
closely related sequences were identified using BLASTn (Basic Local Alignment Search
Tool) at NCBI (National Center for Biotechnology Information) and the 16S ribosomal RNA
(Bacteria and Archaea type strains) database.

2.4. Construction of Phylogenetic Trees

One or two representative 165 rRNA gene sequences of each taxonomic group
(55 sequences) were selected to build the phylogenetic tree. Sequences were classified
and aligned using the online portal of the SILVA Incremental Aligner (SINA 1. 2. 11) tool of
the ARB-Silva database (http:/ /www.arb-silva.de/aligner/, accessed on 7 July 2021) [43].
The SILVA reference alignment searched the related sequences (two nearest neighbors per
sequence) to 90% min identity of the 16S rRNA gene sequences from this study. Columns
containing 10% or less rows of sequences were stripped of the full alignment, generating a
final alignment with 158 taxa (55 from this study) and 1571 nucleotides. Maximum likeli-
hood analyses were carried out using RAXML BlackBox (https:/ /raxml-ng.vital-it.ch/#/,
accessed on 13 September 2021) [44], as implemented on the CIPRES webserver [45] under
the GTR GAMMA model. The tree in NEWICK format was imported into Interactive
Tree Of Life (iTOL) v6.4 [46]. An additional tree that aligned all the sequences (151) with
442 sequences from the ARB-Silva database can be found in the Supplementary Materials
(Figure S1).

Seven representative sequences of the novel strains (<98.65% 16S rRNA gene sequence
similarity) isolated in this study were selected and aligned against 16S rRNA gene sequences
of the closest cultured type strains using the clustal_w program [47]. Phylogenetic trees
were reconstructed using the neighbour-joining tree algorithm [48] in MEGA?7 [49], based
on 1000 bootstrap replications and a total of 224 positions in the final dataset.

2.5. Bacterial Cultured Collection vs. 165 rRNA Amplicon Gene Sequencing

The 16S rRNA amplicon datasets used for the comparison with the sequences of the
isolated strains were previously published in the European Nucleotide Archive (ENA)
at EMBL-EBI (accession number ERP126178) [37]. Briefly, the datasets were obtained by
[llumina MiSeq paired-end (2 x 300 base pair) tag sequencing using the universal primers
515f (5'-GTG CCA GCM GCC GCG GTA A-3) and 806r (5-GGA CTA CHV GGG TWT CTA
AT-3') [50]. Sequence variants were inferred using the R Package DADA2 [51] version 1.4, as
described elsewhere [37], and the SILVA SSU database release 138 was used for taxonomic
assignation [43]. A phyloseq object [52] was constructed directly from the DADA?2 outputs
and the Amplicon Sequence Variant (ASV) table before any contaminant removal was used
for the alignment. The comparisons between the ASVs from 16S rRNA amplicon gene
sequencing datasets and partial 165 rRNA gene sequences obtained by Sanger sequencing
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were performed using BLASTn optimized for highly similar sequences (megablast). All
ASVs were basted against the 55 representative sequences of the isolated strains (Figure S2).

3. Results
3.1. Cultivated Bacterial Diversity

Under the microscope, 151 of the 270 enrichment cultures in the tested media and
temperatures indicated growth. Positive growing enrichments were used as an inoculum
in a subsequent medium. The isolates were obtained after either randomly selecting
colonies that appeared on plates or after using the dilution-to-extinction method [40]. We
obtained 195 isolates of bacteria from fumarole samples, borehole fluids, and drill cores
collected from Surtsey island (Table 1). Most of the isolates were grown on the culture
media 166 (101 strains), at 22 °C (120 strains), and in aerobic conditions (148 strains). The
highest number of isolated strains came from borehole fluid samples (49.23%), followed by
fumarole (26.15%) and drill cores (24.62%) (Figure 1 and Table 2).

Drill core

Borehole fluid

o = @ |:|

Fumarole

Percentage of isolated strains (%)
S

Figure 1. Taxonomical distribution at the phylum level (classes for Proteobacteria) of the bacterial
isolates from Surtsey island by sampling sites. The percentages represent the relative cultivable
bacterial abundance. Thermophilic strains (<60 °C) are framed in bold.

Although many enrichment cultures showed growth in anaerobic conditions, subse-
quent growth was unsuccessful and most of the isolates were aerobic and heterotrophic bac-
teria. Thermophilic strains represented almost 30% of the strain collection, with 58 strains
isolated at temperatures above 60 °C.

The isolates were identified by comparative analysis of their partial 16S rRNA
gene sequences against the NCBI reference sequences (RefSeq) database. They were
assigned to different families of five bacterial phyla (Figure 1), representing 42 different
genera (Tables 2 and S6). No Archaea isolates were obtained in pure culture under the
culture conditions tested. The isolates were assigned to Actinobacteriota (43 strains), Bac-
teroidota (8 strains), Alphaproteobacteria (6 strains), Gammaproteobacteria (56 strains),
Deinococcota (4 strains), and Firmicutes (78 strains) (Table 2). Firmicutes were mostly
isolated from fumarole samples (80%), Gammaproteobacteria were mostly isolated from
the drill core samples (46%), and Actinobacteriota were mostly isolated from borehole
fluid (35%) (Figure 1). Most of the thermophilic strains belonged to the phylum Firmicutes,
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while eight strains of thermophilic Bacteroidetes and four strains of thermophilic Acti-
nobacteria were isolated. In addition, four strains were isolated at 80 °C, and all belonged
to the phylum Deinococcota. Only strains that belong to Rhodobacteraceae, Enterobacter,
Micrococcus, and Microbacterium were isolated on the medium SO, while one strain of
Sphingomonadaceae was isolated on the medium YPS. Enrichment cultures targeting iron,
sulfur, sulfate reducer microorganisms, and methanogens showed growth, but only Cry-
obacterium, Frigoribacterium, Leifsonia, Acinetobacter, Micrococcus, and species that belong to
the Enterobacterales were isolated on the media M and I and the rest of the enrichments
could not be maintained by the dilution-to-extinction technique to isolate strains.

3.2. Phylogeny of the Isolates and Habitat of the Closest Relatives

The 165 rRNA genes of the isolates were partially sequenced. After trimming the
end of the sequences to increase quality, the sizes of the sequence were mostly between
400 and 600 bp and sequence quality along all sequences was above 90%. Few sequences
were smaller than 400 bp and thus were unambiguously assigned at the family level. To
overcome this, taxonomic assignment of partial 16S rRNA gene sequences obtained from
the 55 representative sequences of the isolates was performed using both the BLASTn on
NCBI using the RefSeq database and SILVA Incremental Aligner (SINA 1. 2. 11) tool with
Silva database version 138.1 [43] (Figure 2 and Figure S1, and Table S6).

Few isolated strains obtained in this study potentially represent novel species, accord-
ing to the percentage value used as a boundary for species delineation of 98.65% 165 rRNA
sequence similarity [53-55]. Twelve thermophilic strains belonging to the Actinobacteriota
and the Bacteroidota showed sequence similarity below 98% and were related to Rhodother-
mus marinus (NR_074728) (95 to 96.41% sequence similarity) and Rubrobacter xylanophilus
(NR_074552) (96.75-97.57%). The closest neighbor sequences corresponded to uncultured
Rhodothermus species detected in seawater (EU249949) and Rubrobacter xylanophilus DSM
9941 isolated from hot spring water samples (CP000386) (Figure 2). The novel strains
of Rhodothermus were characterized, and the name Rhodothermus bifroesti was attributed
to the new species [56]. In addition, other isolated strains potentially represent novel
species. Their sequences fell close to 98% of sequence similarity and were related to the
genera Planococcus (97.80%), Halomonas (97.87-98.18%), Microbacterium (98.11-98.97%), and
Polaromonas (98.01%) (Figure 3, Table S6). The closest neighbor sequences were detected in
permafrost soil (JQ684228), seawater and deep-sea sediment (KP975360, AY582931), soil or
continental Antarctic lake (CBVQ010000169, FR691402), and glacial sediment (JF719329)
(Figure 2).

Other thermophilic strains were isolated in this study and showed sequence simi-
larity percentages higher than 98%, with the closest related sequences usually detected
from thermal environments. They belonged to the genera Thermus within the phylum
Deinococcota and to Geobacillus, Ureibacillus, Brevibacillus, Caldalkalibacillus, and Planifilum
within the Firmicutes. The only strains isolated at 80 °C were closely related with Thermus
thermophilus (NR_113293.1), a hyperthermophilic bacterium that was originally isolated in
saline hot spring [57]. The closest neighbor sequence was detected in a hydrothermal vent
(AE017221) (Figure 2). Three strains showed 99.62% sequence similarity with Geobacillus
subterraneus (NR_025109.1, NR_132400.1), a hydrocarbon-oxidizing thermophilic bacterium
isolated from a petroleum reservoir located at 1200-2730 m b.s. [58]. Other strains isolated
in this study were identified as Geobacillus sp. and fell into the Geobacillus thermoleovorans
group. They were closely related to Geobacillus thermoparaffinivorans (KP218042), previously
isolated from a crude oil deep reservoir [59]. Seven non-thermophilic isolated strains iden-
tified as Paeniglutamicibacter sp. were also closely related to sequences previously detected
in oil-brine from an oilfield reservoir (NR_026237.1). Four strains were closely related to
Ureibacillus thermosphaericus isolated from the air (NR_119203.1, X90640), while six strains
were identified as Brevibacillus spp. and showed a high sequence similarity percentage with
species previously isolated from hot spring (NR_117986.1) or hot water (ATNE01000001).
One isolated strain was closely related at 99.93% sequence similarity to Planifilum yunna-
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nense (NR_043563.1), a thermophilic thermoactinomycete that has been isolated from hot
spring [60]. In addition, six other thermophilic strains isolated from borehole fluids showed
99.45% sequence similarity with Caldalkalibacillus uzonensis (NR_043653.1; DQ221694), an
alkali-thermophilic bacterium isolated from hot spring [61].
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Figure 2. Maximum likelihood phylogeny of the partial 16S rRNA gene sequences placing the
cultured bacteria from the subsurface of Surtsey island. The final alignment contained 158 sequences,
55 from this study (in bold), and was generated using the SILVA SINA alignment tool and the
SILVA reference alignment. The tree was constructed using RAXML under the GTR GAMMA model
of evolution.

Non-thermophilic strains isolated in this study were also closely related to alkaliphilic
bacteria. Their sequences were closely related to Dietzia natronolimnaea (NR_116683.1),
which has been isolated from soda lake [62], and to Bacillus pseudofirmus (X76439, AF406790,
NR_026139.1) and Bacillus patagoniensis (AY258614, X76438, NR_025741.1), which were both
recently reclassified to the genus Alkalihalobacillus [63].

Twenty-six isolates were closely related to species previously reported in marine
habitats, including deep-sea sediments. These comprised Planomicrobium (NR_113593.1,
AB680292), Paracoccus (NR_113921.1, AB185961), Pseudoalteromonas (NR_044837, FJ200650),
Sulfitobacter (NR_043547.1, AY902204), Marinomonas (NR_116234.1, JX530896, JX310213),
Shewanella (NR_040951.1, KF799558), and Halomonas (NR_116997.1, NR_027185.1, KP975360,
AY582931) (Figure 2).
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Halomonas sp. nov. strain ISCAR-7458 (OK534109)
Halomonas hydrothermalis SIthf2T (AF212218)
Halomonas aguamarina DSM 301617 (AJ306888)
B Halomonas sulfidaeris Esulfide 1™ (AF212204)
100 Halomonas titanicae BH1T (FN433808)

4! Halomonas subterranea ZG16" (EF144148)

Halomonas sp. nov. strain ISCAR-7320 (OK534110)

50! Halomonas salicampi BH103" (KF963827)

Polaromonas eurypsychrophila B717-2 (KP013181)
Polaromonas sp. nov, strain ISCAR-7129 (OK534145)
Variovorax defluvii 2C1-bT (HQ385753)
Palaromanas ginsengisoli Gsoil 1157 (AB245355)
Polaromanas vacuolata 34-P7 (U14585)
Roseithermus sacchariphilus MEBIC 095177 (MG603595.1)

. .
0 Rhodothermus profundi strain PRI 29027 (NR_116762.1)
\—ggh} Rhodothermus bifroesti strain ISCAR-7401" (OK534136, MW901484)
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Figure 3. Phylogenetic tree based on partial 16S rRNA gene sequences showing the relationship
between the novel species isolated in this study and closest cultured type strains. GenBank accession
numbers are given in parentheses. The tree is based on the clustal_w and the neighbour-joining
method with 1000 bootstraps using a total of 224 positions in the final dataset. Bar, 0.05 represented
the nucleotide substitution per position.

Few isolated strains identified in this study belonging to the Intrasporangiaceae family
were closely related to Janibacter limnosus (NR_026362.1). Although this species has been
previously reported as endemic from deep-sea sediments along with Rhodococcus, Arthrobac-
ter, Kocuria, and Dietzia [64], the closest neighbor sequences were detected in a wastewater
treatment plant (Y08539) and metazoan gut’s (HQ753139, AY837752). While some of the
isolated strains were closely related to sequences that could be potential contaminants
(e.g., Paenibacillus pasadenensis (AB681404), Rhodococcus from group 2 (KC422675), Glutami-
cibacter bergerei (AJ609630), and Micrococcus cohnii (FR832424, NR_117194.1)), other strains
isolated in this study were closely related to sequences that were previously detected in
the environment. This involved the permafrost (e.g., Rhodococcus cercidiphylli (KR233770),
and Cryobacterium arcticum (CP016282, MK135913) and soil (e.g., uncultured Arthrobac-
ter (KM253224, KC554602, NR_041546.1), uncultivated Kocuria (FM873503), Leifsonia poae
(AF116342), Bacillus licheniformis (MHO061919), Frigoribacterium faeni (Y18807), Rhizobium sp.
RN11-2 (KC842249), and Brevundimonas sp. D11 (JQ977003)).

Overall, our results showed that many of the isolated species were closely related
to sequences previously reported in marine (e.g., seawater, sediment, and deep-sea hy-
drothermal vent), alkaline (e.g., submarine alkaline or terrestrial hot springs, soda lake, and
salty soil), and subsurface environments (e.g., petroleum reservoirs), while others showed
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percentages of 165 rRNA gene sequence similarity below 98%, suggesting that they might
represent novel species.

3.3. Comparison of the Bacterial Diversity Observed by Amplicon Sequencing from Environmental
Samples and Cultured Diversity

The culture-dependent (isolation) and -independent (metabarcoding) approaches
showed different taxonomic distributions at the phylum level (Figure 4a,b). As expected,
the number of phyla obtained by the culture-dependent approach was much lower than
observed using the molecular method. Of the 49 phyla detected in the 165 rRNA gene
amplicon datasets, only 5 were recovered in the culture collection (Figure 4a,b). However,
those five phyla represented more than 80% of the ASVs obtained by amplicon sequencing
(Figure 4a).

a. AsSvs b. Cultured strains
Actincbacteriota

14.37%
18.94% 1528 y [ Bacteroidota
3.47%

3213%
) Firmicutes

Deinococcota

3.2%

5.45% :
45.75% N 2619 43.46% Protecbacteria

Other

d. Taxonomic classification of the 121 ASVs (298.65%)
3.13%
\

C. ASVs vs cultured strains

0.33% )

10,02% 15
N

121 ASvs s

2.14% 7.5%

0
7.5 2.50%
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) 5%
Geobacillus
P 54,
Thermus 23.31%
Acinetobacter Sphingobium

NA (Int i

(Intrasporangiaceac) NA (Enterobacteriaceae) -
. Glutamicibacter
[ Brewundimonas

. Bacillus

Microbacterium Humibacillus (Intrasporangiaceae)
Paenibacillus . .
Halomonas . - Klebsiella (Enterobacteriaceae)
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Knoellia (Intrasporangiaceae) Kocuria

Phycicoccus (Intrasporangiaceae)

[ Marinomonas Leifsonia

B Micrococeus Sulfitobacter (Rhodobacteraceae) B Oryzihumus (Intrasporangiaceae)
Pseudoalteromonas Urefbacillis | parosarcina (Plar )
Rhodococcus fﬁ,gggﬁﬁﬁggﬂﬂ %%—g%ﬁﬂ%m M Paracoccus
Dietzia Citrobacter (Enterobacteriaceae) Roseobacter (Rhodobacteraceae)

Figure 4. For each phylum, number of ASVs obtained by high throughput sequencing (a) and
cultured strains (b). (c) The fraction of the in situ diversity represented by cultured strains, and
taxonomic classification (d). An ASV was considered to be represented by the cultured strains if
the ASV had equal or higher than 98.65% sequence similarity with the 165 rRNA gene sequence of
cultured strains. The taxonomic classification of the ASVs represented by the cultured strains at the
genus level. Family given in parenthesis for Enterobacteriaceae, Intrasporangiaceae, Planococcaceae
and Rhodobacteraceae. NA. Not assigned genera.
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To determine if the cultured strains were detected in the subsurface of Surtsey island,
we used a culture-independent method (Figure S2). The partial 165 rRNA gene sequences
of the isolates were aligned against Amplicon Sequence Variants (ASVs) from the 16S rRNA
gene amplicon datasets (accession number ERP126178), which were obtained from the same
samples as for cultivation [37] (Figure S2). Only the ASVs matching at percentages higher
than 98.65% sequence similarity with sequences from the cultured strains were kept for
investigation (Figure 4d and Table 3; bold values). This threshold was selected for species
delimitation, assuming that the same species was detected using culture-dependent and
-independent methods at an equal or higher percentage. Among a total of 5642 unique ASVs
from the amplicon datasets, only 121 ASVs (>98.65% sequence similarity) were represented
by the culturable strains, which correspond to 2.14% of the in situ diversity (Figure 4c).
This fraction belongs to 34 different genera, such as Pseudomonas, Brevibacillus, Geobacillus,
Thermus, Acinetobacter, a non-assigned genus from the Intrasporangiaceae family, and
Brevundimonas, accounting for half of the 121 ASVs (Figure 4c,d). This suggests that some
of the species isolated in this study were also detected in the subsurface of Surtsey island
using high-throughput sequencing.

Table 3. Heatmap comparing partial 165 rRNA gene sequences from the isolated strains to ASVs from
165 rRNA amplicon gene sequencing datasets from [37] (EMBL-EBI, accession number PRJEB42339). F,
Fumaroles; BF, Borehole fluids; DC, Drill cores; Control, extraction blanks. Values in bold correspond
to sequence similarity percentages above 98.65%, potentially indicating that the same isolated species
has been detected in the subsurface using culture-independent method.

Closest
. Sequence
Phylogenetic Genus F BF DC Control Sirgilarity Isolated
Class From
Percentage
(Megablast)
Actinobacteriota Arthrobacter 97.794 BF and F
Dietzia 99.265-100 DC
Georgenia DC
Glutamicibacter 1 100 BF
Intrasporangiaceae 1 100 BF
Kocuria 1 1 99.259 BF
Leifsonia 2 2 98.684 BF
Microbacterium lacus 2 1 99.029 DC
Micrococcus 1 2 4 2 99.457-100 BF and DC
Paeniglutamicibacter 1 1 2 0 100 BF
Rhodococcus group 1 1 1 2 1 100 BF
Rhodococcus group 2 1 2 2 100 BF
Rubrobacter 2 [ 0] 1 - 93.605 BF and DC
Bacteroidota Rhodothermus 95.588 BF and DC
Deinococcota Thermus 4 5) 1 98.693-100 F
Firmicutes Bacillus 1 3 - 99.495-100  BFand F
(para)licheniformis
Bacillus cereus 2 2 1 100 BF, F and DC
Bacillus group 1 1 97.024 BF and DC
Bacillus group 2 / BF
Brevibacillus 99.052-100 BFand F
Caldalkalibacillus 1 98.529 BF
. 99.074-
Geobacillus 99.537 BF
Geobacillus 99.487-100 F
thermoleovorans group
Paenibacillus 100 DC
Planifilum / BF
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Table 3. Cont.
Closest
. Sequence
Phylogenetic Genus F BF DC Control  Similarity Isolated
Class From
Percentage
(Megablast)
Planococcaceae 97.674 BF
Planomicrobium 98.897 BF
Ureibacillus 100 F and BF
Allorhizobium-
. Neorhizobium-
Alphaproteobacteria Pararhizobium- 99.034 DC
Rhizobium
Brevundimonas 5 99.457-100 BF
Paracoccus 1 100 DC
Rhodobacteraceae 3 100 DC
Sphingobium 2 1 1 99.425-100 DC
Gammaproteobacteria  Acinetobacter 4 4 5 2 99.254-100 BF
Enterobacteriaceae 2 3 4 2 99.533-100 F, BF and DC
Halomonas 4 99.265-100 BF
Marinomonas 1 3 99.052-100 BF
Polaromonas 2 3 1 98.276 BF
Pseudoalteromonas 2 4 4 1 100 BF
Pseudomonas group 1 2 3 o 99.306-100 DC
98.529-
Pseudomonas group 2 2 2 2 98.897 F
Pseudomonas group 3 8 4 98.907-100 BF
Serratia 1 97.619 F
Shewanella 1 96.691 DC

Table 3 indicates in which sample type the 121 ASVs were detected, in addition to the
samples origin of the isolates. The sample types correspond to the 165 rRNA amplicon gene
sequencing of fumarole, borehole fluid, and drill core samples (Table 3, F, BE, and DC) as
well as the sequencing of blank as extraction controls (Table 3, Control). For example, ASVs
detected in the borehole fluid and drill core samples possibly represent the same species
as the Dietza sp. isolated in this study from a drill core sample (Table 3). Likewise, other
cultured species were detected in the samples using a culture-independent approach. These
species include Kocuria, Leifsonia, Paeniglutamicibacter, and Rhodococcus from group 2; Bacil-
lus (para)licheniformis, Brevibacillus, Geobacillus, and Geobacillus from the thermoleovorans
group; and Paenibacillus, Ureibacillus, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium,
Paracoccus, Sphingobium, Halomonas, Marinomonas, and Pseudomonas from groups 1 and 3;
and the cultured strains that belong to the family Rhodobacteraceae (Table 3). The latter
species were not detected in the blank extraction controls (Table 3; Control), indicating that
they might be endemic to the subsurface of the island.

Surprisingly, we cultivated genera that were not detected using metabarcoding (<98.65%).
They belong to Arthrobacter, Georgenia, Rubrobacter, Rhodothermus, Caldalkalibacillus, Plani-
filum, Planomicrobium, Polaromonas, Serratia, and Shewanella. Indeed, if no ASVs matched
with a cultured strain sequence above 98.65%, ASVs with the highest score were kept in
Table 3 as an indication of the closest taxa (Table 3, light values). Two species isolated in
this study, Georgenia and Planifilum, did not match any detected ASVs, while other isolated
species aligned with ASVs at low sequence similarity. These include Arthrobacter (97.78%),
Rubrobacter (93.6%), Rhodothermus (95.58%), Bacillus from group 1 (97%), Caldalkalibacil-
lus (98.53%), Polaromonas (98.27%), Shewanella (96.7%), and the cultured strain from the
Planococcaceae family (97.67%).

Many of the species isolated in this study matched at high sequence similarity per-
centages with ASVs detected in the extraction blanks. These include Microbacterium lacus,
Micrococcus, and Rhodococcus from group 1; Thermus, Caldalkalibacillus, Brevundimonas, Acine-



Microorganisms 2022, 10, 1177

150f 21

tobacter, Polaromonas, Pseudoalteromonas, and Pseudomonas from group 2; and the cultured
strains belonging to the families Intrasporangiaceae and Enterobacteriaceae. While those
taxa were detected in the extraction blanks, they were frequently detected at a much higher
abundance in the samples. In contrast, the strain identified as Glutamicibacter sp. was
only detected in the extraction blanks at 100% sequence similarity, suggesting that it is a
potential contaminant.

4. Discussion

Most of the isolates cultured in this study were highly related to aerobic bacteria, and
only a few taxa were isolated under anaerobic conditions. Among the 270 enrichment
conditions tested, two nutrient-rich media, 166 and MB, were the most successful in the
isolation of strains (Table 2). No archaea were isolated, and all of the bacterial isolates were
heterotrophic. Our results suggest that the media and conditions tested were ineffective
for isolating archaea and chemolithoautotrophs, although those taxa were detected in the
subsurface of the Surtsey volcano [37]. The vast majority of the bacterial diversity in our
samples seems to be uncultivable with our cultivation techniques, as it has been previously
reported [17,19,20,65]. Archaeal cultivation is even more challenging [66]. Our results
are comparable with other findings and could be explained by insufficient care during
sampling, transportation, incorrect storage of the samples used as inoculum, or inadequate
cultivation conditions and isolation methods [67]. In this study, many isolates could
not be maintained or subsequently cultivated, especially colonies obtained in anaerobic
conditions. Colonies obtained using the Hungate roll-tube technique [68,69] that could not
grow after being transferred on solid or liquid media represent a good example. This could
be due to a lack of information on the habitat’s physicochemical parameters, which are
necessary for establishing cultivation settings that mimic in situ environmental conditions.
For example, trace micronutrient substances or growth factors originally present in the
samples could be essential for growth. The utilization of 0.22 um filtered borehole fluids
for media preparation may have thus facilitated the second transfer of colonies and aided
in the maintenance of the subcultures. However, the volume of sterilized fluids was
insufficient to serve as cultivation medium basis. In addition, some microorganisms can
only be cultivated in the presence of other cells. Syntrophic relationships, competition, or
inhibition between microorganisms can also exclude the cultivation and isolation of specific
taxa. Lowering the nutrient content of the rich media used for enrichment could have
improved the diversity of culturable microorganisms (e.g., [70]). In this study, fast-growing
bacteria may have been favored due to the nutrient-rich substrate and short incubation
time. The multiplication of experiments, methods (e.g., acclimation step, use of antibiotics,
innovative cultivation techniques for co-cultivation, simulation of the natural environment,
or single-cell isolation), media (wide range of carbon and energy sources), and culture
conditions (e.g., temperature and pressure) may overcome these challenges.

Closest relatives to our isolated strains were previously detected in soil, seawater,
and geothermal active sites near the surface (e.g., hot springs and hydrothermal vents)
(Figure 2). This observation supports the hypothesis based on 16S rRNA gene amplicon
sequencing results that microbial cells from the surrounding environment are transported
into the subsurface of Surtsey island by fluid inflow (meteoric water and seawater in-
flow) and that the colonization of young basalt has been driven by the ability of some
microorganisms to adapt to a new environment and to disperse across ecosystems [37].
Our culture-based approach brings insight into the question of whether the cells die, sur-
vive, or adapt to the extreme environmental conditions that exist within the volcano since
seawater bacteria were alive and cultured from borehole fluid or drill core samples (e.g.,
Pseudoalteromonas, Halomonas, and Marinomonas, Table 3). In addition, alkaliphilic bacteria
(e.g., Thioalkalimicrobium) were previously detected in the subaerial deposits of the Surtsey
volcano [37]. The isolation of alkaliphilic bacteria (e.g., Caldalkalibacillus) from the subsur-
face of Surtsey confirmed that the environmental conditions occurring at some depths are
highly saline and alkaline. This could be the result of the biotic or abiotic dissolution of
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some minerals or basaltic glass at low fluid—rock ratios [33]. It suggests that these groups
of adapted microorganisms are present and active within the high-temperature geothermal
system of Surtsey (range of 50-150 °C) and could have significant impacts on subsurface
geochemistry [71].

As expected from other environmental microbiome research, a disparity was observed
between the microbial communities identified in the samples using cultivation-independent
methods in comparison with the cultured strains [72]. Among the total ASVs detected
using a culture-independent approach (metabarcoding), only 2.14% were recovered in the
cultured collection (Figure 4). The threshold of 98.65% sequence similarity was selected
for species delimitation. Because some species share a high level of 165 rRNA gene se-
quence similarity (>99%), it is challenging to differentiate two species using 16S rRNA
gene sequences alone. However, many comparative studies investigated large datasets to
determine an optimal 16S rRNA gene sequence similarity threshold for microbial species
demarcation, considering DNA-DNA hybridization (DDH) and average nucleotide iden-
tity (ANI) values, and taking into account the effect of the taxonomic group [55]. These
studies suggested that 98.65% of 16S rRNA gene sequence similarity can be used as an
adequate threshold for differentiating two species. The high proportion of ASVs detected in
subsurface environment samples that remained uncultured could be explained by several
reasons. The DNA detected in the samples might come from dead cells, prohibiting their de-
tection using culture-dependent methods [67]. Additionally, as previously mentioned, the
cultivation methods applied may be unsuitable for the cultivation of specific microbial taxa,
and the application of unappropriated elements such as the composition of the medium,
temperature, and oxidative stress can proscribe their growth [73]. Therefore, culturing
efforts to characterize microbial communities should include a variety of methodologies
and media. Still far too few microorganisms were isolated from extreme environments,
especially autotrophic anaerobic microorganisms discovered using molecular techniques.
The number of previously uncultured taxa may be increased with the application of in-
novative culturing methods, the addition of growth factors in the media, and the use of
in situ cultivation methods in their original habitats [74-76]. At the same time, some of
the cultivated genera were not detected with a culture-independent approach and could
represent members of the rare biosphere. For example, Planifilum, which belongs to the
Thermoactinomycetaceae family, was isolated from borehole fluid but was not detected
using metabarcoding (Table 3). This observation has been made in a variety of environ-
ments [77,78] and suggests that cultivation not only provides a small percentage of what
was detected in the sequencing data but also could increase the total diversity present in
a sample.

When investigating low biomass samples from subsurface environments using a molec-
ular approach, the incorporation of contaminants is very high during sample collection and
processing [79,80]. Based on the datasets obtained through the activity of the Census of
Deep Life (CoDL) and the Deep Carbon Observatory on low biomass subsurface environ-
ments, a list of genera was published and identified as “typical” potential contaminants that
were usually associated with molecular reagents or potential human contamination [80].
Although the approach to removing all of the listed genera from a dataset has been proven
effective [81-83], it can still result in the removal of “species” that may be indigenous and
ecologically important. In this study, we isolated species that belong to genera identified
as contaminants in previous studies [80,84]. These comprise Brevibacillus, Dietzia, Kocuria,
Paenibacillus, Paracoccus, Pseudomonas, Rhodococcus, and Sphingobium. However, a distinc-
tion between species should be made to differentiate the false from the true contaminants.
Nonetheless, comparing ASVs and 16S rRNA gene sequences from cultured strains can
bring evidence. For example, sequences from the strains of Bacillus cereus isolated in this
study were blasted at 100% sequence similarity with ASVs that were detected in almost all
the samples, including the blank extraction controls (Table 3), and were closely related with
sequences previously detected in human (LZOD01000018). In this case, we assume that this
taxon is likely a contamination. Likewise, the isolated Serratia is most likely a contaminant,
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as it was only detected in the blank extraction controls (Table 3) and was closely related
with sequences detected in human (Figure S1). While culture-independent methods may be
affected by possible inherent contamination problems of subsurface samples, the question
of whether a microorganism is truly indigenous may be answered by a comparison with
a culture-dependent approach. Cultured strains may have the advantage of representing
microorganisms that are adapted to subsurface conditions.

5. Conclusions

To conclude, our study is the first to report the culturable microbial diversity from the
basaltic subsurface of Surtsey island. In total, we tested 270 enrichments using different
temperatures and media. We isolated 195 strains, representing 42 different genera. Most of
the isolates were aerobic and heterotrophic bacteria, and few novel species were isolated.
In this perspective, a bacterium isolated in this study, Rhodothermus bifroesti, has been char-
acterized [56]. The comparison of our cultured strains and ASVs from 165 rRNA amplicon
gene datasets obtained from the same samples [37] revealed that isolates were detected
using both culture-dependent (isolation) and -independent methods (metabarcoding). This
study provided a valuable supplementary description of the microbial diversity in the
subsurface of Surtsey. Both culture-independent and dependent methods are essential to
improving our insight into the microbial communities inhabiting such an extreme and
complex volcanic environment.
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Supplementary text:

Using another method, a supplementary phylogenetic tree was constructed for comparison. The ARB
software package (http://www.arb-home.de) (Ludwig et al., 2004) was used with the SILVA SSU Release
138.1 database (Pruesse et al., 2012; Quast et al., 2013) (Fig. S1). Already aligned sequences using SINA
were imported in ARB (Fasta_wgap.ift). The sequence alignments were not manually refined. The 151
sequences were added to the SILVA database tree using “ARB parsimony (quick add marked) and the
ecoli filter. The closest neighbors were selected (442 sequences) and the tree was built using the sequence
data using the maximum likelihood (PhyML-20130708 DNA algorithm) with default parameters. No
outgroup was selected.



Supplementary figures:

Figure S1. Maximum likelihood 165 rRNA gene sequence phylogenetic tree of the cultured strains.
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Figure S2. Sampling and workflow of experiment.
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Supplementary tables:

Table S1. Medium 166 modified from (Hjorleifsdottir et al., 2001) (without proline). Grunnur base
from medium 162 from (Degryse et al., 1978).

For 1L of liquid media:

NaCl 20g
KoHPO4 03g
Yeast extract lg
Peptone lg
Tryptone lg
Glucose 05¢g
Amidon (starch) 05g
Na-pyruvate 06g
Na:COs 018¢g
Base "Grunnur" 100 mL
Hot tap water 900 mL

pH adjusted to 7-7.5

Grunnur (for 1L):

Titriplex I (nitrilotriacetic acid) 132¢g
CaS0s x 2H20 04¢g
MgCl2 x 6H20 20¢g
Trace elements (Wolfe’s mineral solution) 5ml
Ironcitrate solution 5ml
pH adjusted to 7,2

Ironcitrate (for 1L):

Nascitrate x 2H20 29%¢g

FeCls x 6H20 27¢g




Table S2. Medium YPS.

e Solution A (autoclave) For 970 mL
NaCl 10to30 g
NH.Cl 05g
MgSOsx 7 H20O 34¢g
MgCl2 x 6 H2O 418 ¢g
KCl 033 g
FeSOs x 7 H20 0.01g
Naz5e0s x 5 H20 1mg
PIPES 3g
resazurin (0.1% w/v) few drops
ASW supplemented by:

Yeast extract 05g
Peptone 05g
pHat7

e Solution B (autoclave) 5> mL
K:HPOx 014g

¢ Solution C (autoclave) 5mL
CaCl2 x 2 H:O 050g

e Trace element solution (medium 141) 10 mL

(filtration)

e  Extra solutions (filtration)

Vitamin solution (see medium 141) 10 mL
elemental sulfur 10g

After sterilization by autoclave or filtration (0.22 pm) and cooling, the solutions were pooled.



Table S3. Medium Sulfate reducer (SO).

¢ Solution A (autoclave) For 960 mL
NaCl 10t030 g
NH:Cl 05g
MgSOsx 7 H20O 34¢g
MgCl2 x 6 H2O 418 ¢g
KCl 033 g
FeSOs x 7 H20 0.01g
Naz5e0s x 5 H20 1mg
PIPES 3g
resazurin (0.1% w/v) few drops
ASW supplemented by:

Na2504 2g
Yeast extract 02g
L-lactate 05g
Na-pyruvate 05g
L-ascorbate 05g
pHat7.5

¢ Solution B (autoclave) 5mL
K2HPO4 014g

¢ Solution C (autoclave) 5mL
CaCl2 x 2 H:O 050g

¢ Trace element solution (medium 141) 10 mL

(filtration)

e Extra solutions (filtration)

NaHCOs (0.1% w/v) 20 mL

After sterilization by autoclave or filtration (0.22 um) and cooling, the solutions were pooled.



Table S4. Medium Iron reducer (I).

e Solution A (autoclave) For 950 mL
NaCl 10t030 g
NH:Cl 05g
MgSOsx 7 H20O 34¢g
MgCl2 x 6 H2O 418 ¢g
KCl 033 g
FeSOs x 7 H20 0.01g
Naz5e0s x 5 H20 1mg
PIPES 3g
resazurin (0.1% w/v) few drops
ASW supplemented by:

Fe(Il) citrate 10 g*
Na-acetate 25¢g
pHat8

e Solution B (autoclave) 5> mL
K:HPO4 0.l4g

e Solution C (autoclave) S5mL
CaCl2 x 2 H:O 050g

e Trace element solution (medium 141) 10 mL

(filtration)

e  Extra solutions (filtration)

NaHCO:s (0.2% w/v) 20 mL
Vitamin solution (see medium 141) 10 mL

Na2WOs x 2 H20 (0.1% w/v) (stored under N2) 0.25 mL

* First dissolve ferric citrate by heating the water under continuous stirring. After cooling to room
temperature adjust the pH to 6.0, then add and dissolve the remaining ingredients to prepare solution
A. After sterilization by autoclave or filtration (0.22 pm) and cooling, the solutions were pooled.



Table S5. Medium Methanogen (M).

e Solution A (autoclave) For 945 mL
NaCl 10t030 g
NH:Cl 05g
MgSOsx 7 H20O 34¢g
MgCl2 x 6 H2O 418 ¢g
KCl 033 g
FeSOs x 7 H20 0.01g
Naz5e0s x 5 H20 1mg
PIPES 3g
resazurin (0.1% w/v) few drops
ASW supplemented by:

Yeast extract 02g
pHat7.5

e Solution B (autoclave) 5mL
KoHPO4 014g

e Solution C (autoclave) 5mL
CaCl x 2 H:O 050g

e Trace element solution (medium 141) 10 mL

(filtration)

e Extra solutions (filtration)

NaHCO:s (0.2% w/v) 20 mL
Vitamin solution (see medium 141) 10 mL
Methanol 5mL

Coenzyme M (stored under N2) 0.5 g/L

After sterilization by autoclave or filtration (0.22 pum) and cooling, the solutions were pooled.
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Rhodothermus bifroesti sp. nov., a thermophilic bacterium
isolated from the basaltic subsurface of the volcanic

island Surtsey

Pauline Bergsten'?, Pauline Vannier', Alan Mougeolle', Louise Rigaud' and Viggo Thor Marteinsson'3*

Abstract

Novel thermophilic heterotrophic bacteria were isolated from the subsurface of the volcanic island Surtsey off the south
coast of Iceland. The strains were isolated from tephra core and borehole fluid samples collected below 70 m depth.
The Gram-negative bacteria were rod-shaped (0.3-0.4 ym wide, 1.5-7 um long), aerobic, non-sporulating and non-motile.
Optimal growth was observed at 70 °C, at pH 7-7.5 and with 1% NaCl. Phylogenetic analysis identified the strains as
members of the genus Rhodothermus. The type strain, ISCAR-74017, was genetically distinct from its closest relatives Rho-
dothermus marinus DSM 42527 and Rhodothermus profundi PRI 29027 based on 16S rRNA gene sequence similarity (95.81
and 96.01%, respectively), genomic average nucleotide identity (73.73 and 72.61%, respectively) and digital DNA-DNA
hybridization (17.6 and 16.9%, respectively). The major fatty acids of ISCAR-74017 were iso-C,, . anteiso-C,, , anteiso-C,, |
and iso-C,, (>10 %). The major isoprenoid quinone was MK-7 while phosphatidylethanolamine, diphosphatidylglycerol, an
unidentified aminophospholipid and a phospholipid were the predominant polar lipid components. Based on comparative
chemotaxonomic, genomic and phylogenetic analyses, we propose that the isolated strain represents a novel species of
the genus Rhodothermus with the name Rhodothermus bifroesti sp. nov. The type strain is ISCAR-74017 (=DSM 112103"=CIP

1119067).

INTRODUCTION

The order Rhodothermales, together with the Balneolales,
form the superclass Rhodothermae, which represents a deep
lineage within Bacteroidetes/ Chlorobi group [1-3]. It currently
contains four families that exhibit different characteristics:
Salinibacteraceae (extremely halophilic), Salisaetaceae
(halophilic; can be extremely alkalophilic), Rubricoccaceae
(mesophilic) and Rhodothermaceae (thermophilic) [3-6]. To
date, the members of the order Rhodothermales are described
as chemoheterotrophic aerobes, requiring NaCl for growth
(0.5 t0>15%). They were isolated from salty environments
and often form red-, orange- to pink-pigmented colonies.
The cells are Gram-stain-negative, non-spore-forming, rod-
shaped and either non-motile or mobile with flagella.

The genus Rhodothermus, a member of the family Rhodo-
thermaceae, was first described in 1988, with Rhodo-
thermus marinus as the type species, originating from
submarine alkaline hot springs in Iceland [7]. This ther-
mophilic and moderately halophilic organism grows at a
temperature range of about 54-77 °C (optimum at 65 °C)
and a salinity range of 0.5-6.0% NaCl [7]. Many different
Rhodothermus strains have been isolated in similar
geothermal habitats worldwide [8-10]. In 1996, Sako and
collaborators suggested the addition of Rhodothermus
obamensis [11], a thermophilic bacterium isolated from
a shallow marine hydrothermal vent in Japan. However,
Silva et al. demonstrated that the two species were synony-
mous, based on 16S rRNA gene sequencing comparison,

Author affiliations: 'Matis, Exploration & Utilization of Genetic Resources, Reykjavik, Iceland; ?Faculty of Life and Environmental Sciences, University of
Iceland, Reykjavik, Iceland; *Faculty of Food Science and Nutrition, University of Iceland, Reykjavik, Iceland.

*Correspondence: Viggé Thor Marteinsson, viggo@matis.is

Keywords: Rhodothermus; Rhodothermaceae; subsurface; volcanic island Surtsey; thermophile; genome; Iceland.

Abbreviations: ANI, average nucleotide identity; dDDH, digital DNA—DNA hybridization.

Accession number for the genome: JAGKTL0O00000000. The unassembled sequencing data (accession SRR14119291), assembled genome
(accession JAGKTL000000000) and the full 16S rRNA gene (accession MW901484) were assigned to the NCBI BioProject: PRINA718815 and

BioSample: SAMN18570965.

Three supplementary tables and 11 supplementary figures are available with the online version of this article. The annotated genes from the
genome of strain ISCAR-7401T in this study can be found on Figshare at https://figshare.com/s/748a2928b2e6066776e8https://figshare.com/s/

748a2928b2e6066776e8 and https://figshare.com/s/12bbef2b844efch227c9.
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DNA-DNA hybridization values and fatty acid profiles
[9, 12]. At the time of writing, the genus Rhodothermus
comprises only one additional validly named species,
Rhodothermus profundi. This organism was isolated from
a deep-sea hydrothermal vent in the Pacific Ocean [13].
R. profundi strains share characteristics with R. marinus
in being aerobic, thermophilic and neutrophilic hetero-
trophs. Cells are rod-shaped, Gram-stain-negative and
are non-spore-forming, non-motile, oxidase-negative and
catalase-positive. However, R. profundi does not exhibit
red pigments and grows at a higher range of temperatures
(55-80 °C, optimum at 70-75 °C) than R. marinus.

Here, we describe strains isolated from the subsurface of
the young island Surtsey, located on the volcanic rift zone
south of Iceland. The strains are related to the genus Rhodo-
thermus while differing from R. marinus and R. profundiin
genetic and phenotypic features. We propose to position the
strains within a novel species with the name Rhodothermus
bifroesti sp. nov. The type strain is ISCAR-7401".

ISOLATION AND ECOLOGY

The novel strains were isolated from the subsurface of
Surtsey island, located in the Vestmannaeyjar archipelago
on the southern offshore extension of the Icelandic volcanic
rift zone (63° 18’ 8.878" N; 20° 35’ 54.784" W). The island
was formed between 1963 and 1967 by underwater basaltic
eruptions from the seafloor [14-16]. Cultivation and strain
isolation was part of an effort supported by the International
Continental Scientific Drilling Program (ICDP) among
other project partners, to characterize the subsurface
edifice of the island in terms of volcanology, mineralogy,
hydrology, chemistry and microbiology [17-19]. Of many
bacteria isolated while studying the cultivable part of the
subsurface prokaryotic diversity, the strains described here
were selected because of their low 165 rRNA gene sequence
similarity (~96 %) to other species. Their closest relatives
were bacterial species belonging to the genus Rhodothermus
[7, 10, 13, 20, 21]. Eight strains had similar phenotypic
characteristics. Two of them were isolated from a tephra
drill core collected at 70 m depth in the volcano (in situ
temperature: ~100 °C; strains ISCAR-7403 and 7404). The
others were isolated from borehole fluid samples collected
at 75 (ISCAR-7397 and 7398), 80 (ISCAR-7399 and 7400)
and 160 m depth (ISCAR-7401" and 7402). Enrichment
cultures for each sample (rock pieces and subsurface fluids)
were set up in liquid medium 166 [20] supplemented with
2 % NaCl (Table S1, available in the online version of this
article). After 3 days of incubation at 60 °C, about 0.1 ml of
the enrichment cultures were spread on the same medium
containing agar (14 g 17'). Colonies appeared after 48 h of
incubation and strains were purified by streaking at least
six times. Four of the purified strains, ISCAR-74017, 7403,
7399, and 7397 were selected for further studies and strain
ISCAR-7401" for full characterization. R. marinus DSM
4252" and R. profundi PRI 2902" were used as reference
strains during this study.

GENOME FEATURES AND 16S RRNA
PHYLOGENY

Genomic DNA from strains ISCAR-74017, 7403, 7399 and
7397 was extracted using the MasterPure Complete DNA
and RNA Purification Kit (Epicentre). The 16S rRNA gene
was amplified using OneTaq Hot Start DNA Polymerase
according to manufacturer's instructions (New England
BioLabs) using multiple primers: 27F (5'-AGAGTTTGATC-
CTGGCTCAG-3') and 805R (5'- GACTACCAGGGTATCT
AATCC-3'), 515F (5'-GTGCCAGCMGCCGCGGTAA-3")
and 1046R (5'-CGACAGCCATGCANCACCT-3') and
784F (5'- AGGATTAGATACCCTGGTA-3') and 1492R
(5'-GGTTACCTTGTTACGACTT-3'). The amplified 16S
rRNA gene fragments were purified by using Exonuclease
I'and Shrimp Alkaline Phosphatase (New England BioLabs)
and sequenced with an ABI 377 DNA sequencer by using
BigDye Terminator Cycle Sequencing Ready Reaction kit
according to the manufacturer (PE Applied Biosystems).
Sequencher 5.2.4 software (Gene Codes Corporation)
was used for sequence quality check and assembly. Nearly
complete 16S rRNA gene sequences were obtained (1265-
1267 bp).

The genome of strain ISCAR-7401" was sequenced by using
Illumina MiSeq (2x200 bp) and produced 1981862 raw reads.
The genome assembly is available from the NCBI BioProject
PRJNA718815. Raw sequences were trimmed with Trimmo-
matic (version 0.38) [22] and FastQC was used to confirm the
quality of the trimming. SPAdes (version 3.12.0) [23] was used
for the assembly. QuasT 5.0.2 (http://quast.sourceforge.net/
quast.html) and CheckM (version 1.0.18) were used to assess
the quality of the assembly and the genome, respectively. The
average nucleotide identity (ANI) values between pairs of
genomes and genome G+C contents were obtained by using
the ANI Calculator from EzBioCloud [24] and the digital
DNA-DNA hybridization ({DDH) values were obtained by
using the Genome-to-Genome Distance Calculator 2.1 online
tool from the DSMZ (https://ggdc.dsmz.de/) [25]. The results
of formula 2 were adopted.

The draft assembly contained eight contigs of 2884752 bases
in total (N50:738146). This was considerably smaller than
the genomes of R. marinus DSM 42527 (3.26 Mb) and R.
profundi PRI 2902" (3.14 Mb) (Table 1). The G+C content
was 56.19 mol%. Genome completeness was at 99.44 % and no
contamination was detected. The genome sequence of strain
ISCAR-7401" has been deposited at DDBJ/ENA/GenBank
under the accession number JAGKTL000000000. The version
described in this paper is JAGKTL010000000.

Genome annotation was performed using RASTtk version
1.073 [26] and Kbase (annotate genome/assembly) [27]. The
2720 predicted open reading frames included 2511 coding
sequences (Table S2). The genes had 1701 distinct functions,
including 1374 genes with an sEED annotation ontology.

ANI values of 95-96% (dDDH value of 70% or 98.65%
16S rRNA sequence similarity) have been described as a
boundary for species delineation [28-30]. The ANI values


http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://quast.sourceforge.net/quast.html
http://quast.sourceforge.net/quast.html
https://ggdc.dsmz.de/
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.20305

Bergsten et al., Int. J. Syst. Evol. Microbiol. 2021

Table 1. Phylogenetic and genomic characteristics that differentiate strain ISCAR-7401" from its three most closely related type strains

Strains: 1,1ISCAR-74017; 2, Rhodothermus marinus DSM 42527 (NR_029282.2); 3, Rhodothermus profundi strain PRI 29027 (NR_116762); 4, Roseithermus
sacchariphilus MEBIC 09517 T (MG603595.1). Columns are ordered by decreasing values of average nucleotide identity.

Characteristic 1 2 3 4
Genome size (Mb) 2.88 3.26 3.14 4.81
Number of contigs (1000 bp) 8 1 18 1

G+C content (mol%) 56.19 64.3 59.11 68.65
Average nucleotide identity to strain 1 (%) 100 73.73 72.61 67.95
digital DNA-DNA hybridization (Generalized linear model-based*) to 100 17.6 [15.5-19.9] 16.9 [14.8-19.2] 19.2 [17.1-21.6]
strain 1 (%)

16S rRNA gene similarity (%) 100 95.81 96.16 89.73

*Model-based confidence intervals are specified in square brackets.

for ISCAR-7401" with R. marinus DSM 4252, R. profundi PRI
2902" and Roseithermus sacchariphilus MEBiC 09517" were
73.73, 72.61 and 67.95%, respectively (Table 1). The dDDH
values for ISCAR-7401" with the same strains were 17.6,
16.9 and 19.2%, respectively (Table 1). These values and the
difference in genome sizes supported a genus status of strain
ISCAR-7401" within the genus Rhodothermus.

Partial 16S rRNA gene sequences of about 1265 bp from
the seven other strains showed more than 99% sequence
similarity among them and with ISCAR-7401" (Table S3). A
complete 16S rRNA gene sequence of 1523 bp was extracted

from the genome assembly of strain ISCAR-7401". Phyloge-
netic analysis was performed using the complete 16S rRNA
gene sequence of strain ISCAR-7401" and revealed 96.16%
similarity to R. profundi PRI 29027 (NR_116762), 95.81%
to R. marinus DSM 4252"7 (NR_029282.2) and 89.73% to
Roseithermus sacchariphilus MEBIiC 095177 (MG603595).
Sequences were aligned using the ClustalW program [31].
Phylogenetic trees were reconstructed using the neighbour-
joining [32] (Fig. 1), maximum-likelihood and maximum-
parsimony (Figs S1 and S2) algorithms in MEGA7 [33], based
on 1000 bootstrap replications and a total of 1354 positions

8 Longimonas haloalkaliphila strain BSker3™ (KU720570) n
;WE Longimonas halophila strain SYD6" (NR 136497)
100 Natronotalea proteilytica strain BSker2" (KU720569)
Salisaeta longa strain S4-4T (EU426570)
Longibacter salinarum strain WDS2C18" (KU954547) —
100 Salinibacter ruber DSM 13855 strain M31T (NR 074895)

{ Salinibacter altiplanensis strain AN15" (NR 157684)
100 Salinivenus lutea strain DGO™ (NR 117935)

100 Salinivenus iranica strain CB7" (NR 117934) -
Rhodocaloribacter litoris strain ISCAR-4553" (MK675112)
Roseithermus sacchariphilus MEBiC 09517T (MG603595)
Rhodothermus bifioesti strain ISCAR-7401T (MW901484)
Rhodothermus marinus DSM 42527 (NR 029282)

Rhodothermus profundi strain PRI 29027 (NR 116762) -
Rubricoccus marinus strain SG-29"7 (NR 113053)
100 Rubrivirga profundi strain SAORIC-476" (NR 151960)
100 Rubrivirga marina strain SAORIC-28T (NR 109654) _
—— Balneola vulgaris 13IX/A01/164T (AY576749)
100L—— Balneola alkaliphila strain CM41 14b" (EU008564)

100 48

99

0.020

Salisaetaceae

Salinibacteraceae

Rhodothermacea

Rubricoccaceae

:I Qutgroup

Fig. 1. Phylogenetic tree based on the complete 16S rRNA gene sequences (1523 bp) showing the relationship between strain ISCAR-
74017 and members of the order Rhodothermales. GenBank accession numbers are given in parentheses. The tree is based on the
ClustalW and the neighbour-joining method with 1000 bootstraps using a total of 1354 positions in the final dataset. The sequences of
Balneola species were used as an outgroup. Bar, 0.02 represented the nucleotide substitution per position.



http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.34271
http://doi.org/10.1601/nm.8336
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.34271
http://doi.org/10.1601/nm.8337
http://doi.org/10.1601/nm.20305
http://doi.org/10.1601/nm.34271
http://doi.org/10.1601/nm.34271
http://doi.org/10.1601/nm.29342
http://doi.org/10.1601/nm.10262

Bergsten et al., Int. J. Syst. Evol. Microbiol. 2021

Fig. 2. SEM image of strain ISCAR-7401" grown for 48 h at 70 °C on
solid medium 166 with 1 % NaCl, pH 7.5. Bar, 10 um; EHT, 20 kV.

in the final dataset. Balneola species, from the family Cren-
otrichaceae, served as the outgroup. The trees showed the
same topology, where strain ISCAR-7401" was positioned
next to R. marinus and R. profundi, suggesting that it was a
member of the family Rhodothermaceae while more distant
from the related genera of Roseithermus and Rhodocalorib-
acter (Figs 1, S1 and S2).

PHYSIOLOGY AND CHEMOTAXONOMY

The novel strains were routinely cultivated in medium 166
containing 1% NaCl at 70 °C, with or without agar [34]
(Table S1). R. marinus DSM 4252" was cultivated under the
same conditions while R. profundi PRI 2902" did not grow
in medium 166 and so was grown in half strength marine
broth [35]. The temperature, NaCl concentration and pH
ranges for growth were tested in liquid medium 166 with 1%
NaCl for 2-7 days. The temperatures tested were at 40, 45,
50, 55, 60, 65, 70, 75 and 80 °C (Fig. S5). The range of NaCl
concentrations was tested in medium 166 containing 0-7%
(at intervals of 1%), as well as at pH 5.0, 5.5, 6.0, 7.0, 7.5, 8.0,
9.0, 9.5 and 10.0 (Figs S6 and S7). Negative controls were used
for all tested culture conditions. For detailed growth assess-
ment, samples were acquired at 1 or 2 h intervals for 30 h and
optical density was measured at 580 nm using a Novaspec I1I
Spectrophotometer (Biochrom). Growth curves were used to
calculate the growth rates of ISCAR-7401" at each condition.

Gram-staining was performed on fresh cells using the BBL
Gram Stain Kit (BD) following the manufacturer’s instruc-
tions. Catalase and oxidase activities were evaluated in
triplicate by the addition of 3% (v/v) H,O, solution to the
cells and an oxidase reagent kit (Difco BBL), respectively.
Single-carbon source assimilation was tested on minimal
medium as described in Alfredsson et al. [7]. The minimal
medium consisted of modified agar medium 166 at pH 7.5

and 1% NaCl, without peptone, tryptone, glucose, starch or
Na-pyruvate and with yeast extract reduced to 0.01% (w/v). In
addition, the medium contained 4 mM NH,Cl, 10 mM phos-
phate buffer (KHZPO » Na,HPO 4) at pH 7.2, 4 ml of vitamin
solution [36] and a final concentration of 0.4% (w/v) for
sugars and 0.2% (w/v) of other carbon sources. Growth was
tested in duplicate for 1 week at 70 °C on the following carbon
sources: D-fructose, D-galactose, D-glucose, lactose, maltose,
D-mannose, rafinose, p-rhamnose, sucrose, acetate, citrate,
L-malic acid, pyruvate, succinate, L-aspartate, L-glutamate,
L-alanine, L-arginine, L-asparagine, L—glutarnine, L—proline,
L-serine, L-threonine, L-valine and glycerol. For R. marinus
DSM 4252" and the novel strains, susceptibility to antibiotics
was tested in triplicate on plates with medium 166 at pH
7.5 containing 1 % NaCl at the optimum growth conditions
using antibiotic discs (Oxoid; 30 pg per disc): rifampicin,
gentamicin and kanamycin. Susceptibility to streptomycin
was tested at the same conditions while in liquid medium with
the addition of the antibiotic at 100 ug ml™', 30 ug mI™" and 10
ug ml™. For R. profundi PRI 29027, susceptibility to antibiotics
was tested using the same procedure in half strength marine
broth, with or without agar. Anaerobic growth was tested on
agar plate medium 166, pH 7.5 and 1% NaCl at 70 °C in a BD
GasPak for 1 week.

A polarized light microscope Olympus BX51 (x100, 1.30 oil,
Ph3) and a scanning electron microscope (SEM; Supra25
Gemini FE-SEM, Zeiss) were used to observe the cell size
and morphology of strain ISCAR-7401" (Figs 2 and S4).
Cells were grown at 70 °C in liquid medium 166, pH 7.5 and
1% NaCl. For SEM, exponentially grown cells were fixed in
phosphate buffer (25 mM, pH 7) with 2% glutaraldehyde for
15 min at room temperature and at 4 °C overnight. Samples
were washed twice in 1 ml of the same buffer. After careful
resuspension, samples were placed on poly-L-lysine coated
coverslips for 1 h. They were subsequently dehydrated in
increasing concentrations of ethanol (10, 30, 50, 70, 90 and
100%) for 15 min each, and critical point dried using a Leica
EM CPD300. They were gold-palladium-coated with argon
gas using an Edwards Sputter Coater S150B and visualized
with FE-SEM at an electron high tension (EHT) voltage of
20 kV.

The colonies of strains ISCAR-7401", 7403, 7399 and 7397
appeared to be circular with entire margins, 2.5-3.5 pm in
diameter, flat, translucent and pinkish-pigmented after 3 days
of incubation at 70 °C on agar plate medium 166, pH 7.5
and 1% NaCl (Table S1). In addition, the colonies displayed
an iridescent characteristic exhibiting all spectral colours
ranging from red to blue only under the condition of oblique
illumination (light coming from a certain angle) (Fig. S3).
To the best of our knowledge, this feature has never been
reported among thermophilic bacteria. The novel strains
were Gram-stain-negative and their cells were rod-shaped,
measuring approximately 0.3-0.4 pm wide and 1.5-7 pm
long (Fig. 2). They were strictly aerobic, non-motile, non-
sporulating, oxidase-negative and catalase-negative (Table
S3). Ranges of growth of strains ISCAR-7401", 7403, 7399,
and 7397 were estimated after 27 days for all strains at 44-77
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Table 2. Phenotypic characteristics that distinguish strain ISCAR-7401" from the type strains of the genus Rhodothermus

Strains: 1, ISCAR-7401T; 2, Rhodothermus marinus DSM 42527, 3, Rhodothermus profundi strain PRI 2902". Data were obtained in the present study
unless indicated otherwise. -, Negative; +, positive; /, no growth was obtained on minimal medium.

Polar lipids* PE, DPG, APL, AL, PLs, GLs

Fatty acids (>10 %) iso-C,, , anteiso-C _ , anteiso-C,_ ,

iso-C,.
Menaquinones MK-7 (98.8%), MK-8 (1.2%)

Isolation source Hot basaltic subsurface

Characteristic 1 2 3
Pigmentation Pinkish Orange-red Colourless
Appearance Translucent Opaque Opaque
Rod size (widthxlength; um) 0.3-0.4x1.5-7.0 0.5%2.0-2.5 0.5x1.5-3.5t
Optimum growth temperature (°C) 70 67 70t
Growth at/with:

50°C + + _

80°C - - .

0 % NaCl (w/v) + - -

6 % NaCl (w/v) - + -
Utilization of:

p-Fructose, acetate, L-alanine - + /

Maltose, L-glutamate + + /

L-Asparagine, L-glutamine + - /
Resistance to:

Rifampicin + - -

Gentamicin - + +

Catalase reaction - + +

PE, DPG, PG, PL, GL# DPG, PE, PG, PLs, GLst

iso-C ,, anteiso-C _ , iso-C
anteiso-C,

iso-C ,, iso-C  , anteiso-C

anteiso-C

16:0° 17.0°

MK-7 (96.7%), MK-6 (2.7%)$ MK-7 (100%)+

Costal submarine hot springq Deep-sea hydrothermal ventt

*DPG, diphosphatidylglycerol; GL, unidentified glycolipid; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PL, unidentified phospholipid;
AL, unidentified aminolipid; APL, unidentified aminophospholipid; L, unidentified lipid.

tData from [13].
tData from [39].
§Data from [37].
{|Data from [7].

°C (optimum, 70 °C), at pH 5.5-9.5 (optimum, pH 7.0-7.7)
and with NaCl 0-5.5% (w/v; optimum, 1%). Weak growth
was observed at NaCl 6% for strain ISCAR-7403 (Table S3).
All the novel strains grew using D-galactose, glucose, lactose,
maltose, D-mannose, raffinose, p-rhamnose, sucrose, pyru-
vate, L-asparagine, L-aspartate, L-glutamine and L-glutamate
as sole sources of carbon for energy and growth, except
for strain ISCAR-7403 that did not grow on maltose and
L-glutamate. L-Asparagine and L-glutamine supported weak
growth for strains ISCAR-7399 and 7403. p-Fructose, acetate,
citrate, L-malic acid, L-alanine, L-arginine, L-proline, L-serine,
L-threonine and L-valine were not utilized by any of the novel
strains. All the strains were resistant to aminoglycoside

antibiotics (rifampicin, kanamycin, streptomycin) except for
gentamicin (Table 2).

The analyses of cellular fatty acids (M1p1 System and GC-MS),
quinones (HPLC and ultra-high-performance liquid chro-
matography coupled with electrospray ionization quad-
rupole time-of-flight mass spectrometry) and polar lipids
(two-dimensional silica gel thin-layer chromatography)
composition were carried out on freeze-dried cells from
actively growing liquid cultures (medium 166, 1% NaCl
at 70 °C) by the Identification Service of Leibniz-Institute
DSMZ - Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany (details in
supplementary information) [33-39]. The reference strains,
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Table 3. Cellular fatty acid compositions of strain ISCAR-7401" and
closely related species from the genus Rhodothermus

Strains: 1, ISCAR-7401"; 2, Rhodothermus marinus DSM 42527, 3,
Rhodothermus profundi strain PRI 2902". Data were obtained in the
present study. Values are percentages of total fatty acids.

Fatty acid 1 2 3

Saturated:
Croo 444 3.06 234
Cho 0.58 0.41 -
Cruo 0.82 0.70 0.50

Saturated branched:
iso-C,,,, 055 1.70 1.07
iso-C,,, 11.20 6.68 7.46
anteiso-C,, | 1631 13.48 10.28
iso-C,, 7.68 15.00 19.72
iso-C,,., 40.07 3278 32.66
anteiso-C,_ 16.13 18.79 15.98
iso-C,,., 2.23 6.61 9.17
iso-C,, - 024 041
anteiso-C, - 0.55 0.41

R. marinus DSM 4252" and R. profundi PRI 29027, were also
sent for parallel analysis of fatty acids. For comparison, all
the strains were grown in half strength marine broth at 70
°C. The fatty acids of strain ISCAR-7401" mainly consisted
of carbons with 15 or 17 chain lengths such as iso-C_ ,
iso-C ,, anteiso-C , = and anteiso-C (>10%). Chains
containing 16 carbons were also abundant, including iso-
Cie0 (7.68%) and C  (4.44%) (Table 3, Figs S9-S11). The
respiratory quinones detected in strain ISCAR-7401" were
MK-7 (98.8%) and MK-8 (1.2%). The polar lipid profile of
strain ISCAR-7401" consisted of diphosphatidylglycerol,
phosphatidylethanolamine, one unidentified aminophos-
pholipid, one unidentified aminolipid, three unidentified
glycolipids and two unidentified phospholipids (Table 2,
Fig. S8). The whole-cell sugar analysis revealed that ribose,
xylose and glucose were the main components, while minor
amounts of arabinose and galactose were also detected.

Colonies of the novel strains differed from those of the refer-
ence strains. Both R. marinus DSM 4252" and R. profundi
PRI 29027 produced opaque colonies that were red-orange
and colourless, respectively, while the novel strains produced
pinkish and translucent colonies (Table 2). The novel strains
were catalase-negative in contrast with both reference strains.
The optimum growth temperature of strains ISCAR-7401",
7403, 7399 and 7397 was 70 °C, which was similar to R.
profundi PRI 2902" as previously reported [13], while higher
than that of R. marinus DSM 42527, which grew best at 67
°C. Under the same laboratory conditions, R. marinus DSM
4252" grew at the same temperature and pH ranges as strains

ISCAR-7401", 7403, 7399 and 7397 but at a higher NaCl
concentration range of 1-6%. R. profundi PRI 2902" showed a
higher temperature range than the others strain, which could
not grow at 50 °C but grew at 80 °C. The proposed species
is the only described Rhodothermus species that can grow
without NaCl. The novel strains were resistant to rifampicin
and sensitive to gentamicin, which differentiate them from R.
marinus DSM 4252" and R. profundi PRI 29027, which were
sensitive to rifampicin and resistant to gentamicin (Table 2).

The most abundant type of fatty acid was also iso-C,, in R.
marinus DSM 4252" (32.78%) and R. profundi PRI 2902"
(32.66%). However, this type of fatty acid was detected in
strain ISCAR-7401" at a higher percentage (40.07%), as
well as for the types anteiso-C ,  and iso-C,, . In addition,
strain ISCAR-7401" showed lower abundance of iso-C,  and
iso-C ,, and no chains containing 19 carbons were detected
(Table 3). The respiratory quinones detected in strain ISCAR-
74017 (MK-7 at 98.8% and MK-8 at 1.2%) differed from R.
profundi PRI 2902" (MK-7 at 100%) and R. marinus DSM
4252" (MK-7 at 96.7% and MK-6 at 2.7%), as previously
reported [13, 37]. In addition, aminophospholipid and
aminolipid were detected in strain ISCAR-7401" in contrast

to the other species of Rhodothermus.

To conclude, strain ISCAR-7401" had obvious phenotypic
characteristics that differentiated it from the other species
of Rhodothermus, such as in pigmentation and translucid
appearance of colonies (Fig. S3), the absence of catalase
activity and the ability to grow without NaCl (Table 2).
Considering the size of its genome, the dDDH and ANI
values, the low 16S RNA gene sequence similarity to the
closest relative species (Fig. 1, Table 1) and based on chemo-
taxonomic differences in the composition of polar lipids
and cellular fatty acids, strain ISCAR-7401" represents a
novel species of the genus Rhodothermus, for which the
name Rhodothermus bifroesti sp. nov. is proposed.

DESCRIPTION OF RHODOTHERMUS BIFROESTI
SP. NOV.

Rhodothermus bifroesti (bifroesti. N.L. gen. n. bifroesti,
named after the burning rainbow bridge Bifrost in Norse
mythology).

The species name refers to its thermophilic and iridescent
characteristic on agar plate medium 166, as well as to its
origin. The strain was isolated from the subsurface of
Surtsey island, the ‘Surtr's island’ in Iceland, named after a
giant fire from Norse mythology, which corresponds to ‘the
(volcanic) fire of the Underworld’ [38].

Cells are Gram-stain-negative, strictly aerobic, non-motile,
non-sporulating, rod-shaped (0.3-0.4 pm wide, 1.5-7 um
long), oxidase-negative and catalase-negative. Colonies are
pinkish, irregular with a smooth edge, appearing translucent
and measuring 2.5-3.4 mm in diameter after incubation at
70 °C for 2 days. On agar plate medium 166 containing 1%
NaCl, they display an iridescent characteristic exhibiting all
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spectral colours ranging from red to blue only under the
condition of oblique illumination. Growth occurs at 44-77
°C (optimum, 70 °C), pH 5.5-9.5 (optimum, pH 7.0-7.5)
and with 0-5.5% NaCl (w/v; optimum, 1%). p-Galactose,
glucose, lactose, maltose, D-mannose, raffinose, p-rhamnose,
sucrose, pyruvate, L-asparagine, L-aspartate, L-glutamine and
L-glutamate are used as sole sources of carbon and energy
for growth. Does not use D-fructose, acetate, citrate, L-malic
acid, L-alanine, L-arginine, L-proline, L-serine, L-threonine
or L-valine. Resistant to rifampicin, kanamycin, streptomycin
and sensitive to gentamicin. The predominant polar lipids are
phosphatidylethanolamine, diphosphatidylglycerol, unidenti-
fied aminophospholipid and unidentified phospholipids. The
major respiratory quinone is MK-7. The major fatty acids are
iso-C ., anteiso-C , , anteiso-C,_ and iso-C ., (>10%).

The type strain, ISCAR-7401" (=DSM 112103"=CIP 111906"),
was isolated from borehole fluid collected at 160 m depth
below the surface of Surtsey island, a young volcanic island
located south of Iceland. The DNA G+C content of the type
strain is 56.19 mol%.
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Supplementary Text.

Extended fatty acid analysis, quinones and polar lipids composition were carried out by the
Identification service of Leibniz-institute DSMZ - Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH, Braunschweig, Germany.

Analysis of Cellular Fatty Acids by MIDI and GC-MS Cellular fatty acids

Cellular fatty acid were analyzed after conversion into fatty acid methyl esters (FAMES) by
saponification, methylation and extraction using minor modifications of the method of Miller
(1982) and Kuykendall et al., (1988) (1,2). The fatty acid methyl esters mixtures are separated
by gas chromatography and detected by a flame ionization detector using Sherlock Microbial
Identification System (MIS) (MIDI, Microbial ID, Newark, DE 19711 U.S.A.). Peaks are
automatically integrated and fatty acid names and percentages calculated by the MIS Standard
Software (Microbial 1D).

For identity confirmation and to resolve summed features of the MIDI analysis, the analysis is
supplemented by a GC-MS run on a Agilent GC-MS 7000D using an Agilent HP-5ms Ul 30 m
X 250 um x 0,25 um column with a helium flow of 1.2 ml with an injection of 1 pl with split
ratio of 7.5:1. The oven program was as follows: initial temperature 170°C, ramp 3°C/min to
200°C, ramp 5°C/min to 270°C, ramp 120°C/min to 300°C and hold for 2 min. The inlet
temperature was set to 170 °C and then linearly increased with 200 °C/min up to 350 °C and
hold for 5min. The mass spectrometry parameters were set to aux temperature 230°C, source
temperature 230°C, and electron impact ionization at 70 eV with mass range of m/z 40-600 or
40-800, respectively. Peaks were identified based on retention time and mass spectra. The
position of single double bounds was confirmed by a derivatization to the corresponding
dimethyl disulfide adduct (3). Branched-chain fatty acid positions, cyclopositions and multiple
double bounds were determined by derivatization to their 3-pyridylcarbinol (“picolinyl”) and/or
4,4-dimethyloxazoline (DMOX) derivatives (4-6).

Analysis of Respiratory Quinones

Respiratory quinones are extracted from freeze dried cell material using hexane and are further
purified by a silica-based solid phase extraction. Purified samples are further analysed by HPLC
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using a reverse phase column recording absorption spectra. 270 nm for ubiquinones and 326
nm for menaquinones are used for a relative quantification. For complex mixtures, samples are
further analysed on an UHPLC-ESI-qTOF system.

Analysis of polar lipids

Polar lipids are extracted from freeze dried cell material using a choroform:methanol:0.3%
aqueous NaCl mixture, polar lipids are recovered into the chloroform phase (modified after
Bligh and Dyer, 1959 (7)).

Polar lipids are separated by two dimensional silica gel thin layer chromatography. The first
direction is developed in chloroform:methanol:water, and the second in
chloroform:methanol:acetic  acid:water. Total lipid material is detected using
molybdatophosphoric acid and specific functional groups detected using spray reagents specific
for defined functional groups (8).
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Fig. S1. Maximum Likelihood phylogenetic tree constructed based on the 16S rRNA gene
sequences indicating the relationship of strain ISCAR-7401T with the type strains within
Rhodothermaceae and other species within the Rhodothermales. GenBank accession numbers
are given in parentheses. Bootstrap was carried out 1000 replicates using a total of 1354
positions in the final dataset. The sequences of Balneola species were used as an outgroup. Bar,
0.02 represented the nucleotide substitution per position.
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Fig. S2. Maximum-parsimony phylogenetic tree based on 16S rRNA gene sequences of strain
ISCAR-7401" and closely related species. GenBank accession numbers are given in
parentheses. Bootstrap was carried out 1000 replicates using a total of 1354 positions in the
final dataset.



Fig. S3. Colonies of Rhodothermus bifroesti strain ISCAR-7399 at different scales and under
different conditions of illumination. Colonies on a black background (a), under artificial light
(b), observed with binocular microscope under condition of tran-illumination (c) and with a
60°angle-illumination (d), showing the iridescent characteristic of the species.



Fig. S4. Cell morphology of strain ISCAR-7401" observed using scanning electron microscope
Supra25 Gemini FE-SEM (ZEISS) at electron high tension voltage of 20 kV.



Growth rate [In(Do)=f(t)]

function of temperature
0.35

005 ®

0 ® ®
0 20 40 60 80 100
Temperature (°C)

Fig. S5. Growth rates of the strain ISCAR-7401" function of the temperature.
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Fig. S6. Growth rates of strain ISCAR-7401T function of pH.
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Fig. S7. Growth rates of strain ISCAR-7401" function of salinity.
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Fig. S8. Polar lipid profiles of strain ISCAR-7401". Lipid identification legends: DPG,
diphosphatidylglycerol; PE, phosphatidylethanolamine; AL, unidentified aminolipid; APL,
unidentified aminophospholipid; GL, unidentified glycolipid; PL, unidentified phospholipid.
1, first dimension of TLC; 2, second dimension of TLC.



Fig. S9. Fatty acids analyses of Rhodothermus bifroesti strain ISCAR-7401".

RT | Response | Ar/Ht RFact ECL | Peak Name Percent | Commentl Comment2 GC-MS
1.763 | 4.965E+8 | 0.027 o 7.007 | SOLVENT PEAK —- | <minnt
2.206 852 | 0.023 [ 7.870 - | <minnt
2.689 866 | 0.026 f— 8.813 ---- | <minrt
2953 270 | 0.024 f— 9.327 f—
3.210 297 | 0.026 — 9.826 —_—
4910 387 | 0.035 - 11.973 -
6.953 636 | 0.031 0.982 13.619 | 14:0iso 0.55 | ECL deviates 0.000 | Reference -0.005 OK
7.106 1062 | 0.036 - | 13.730 f—
8.446 13211 | 0.040 0.964 | 14.623 | 15:0is0 11.20 | ECL deviates 0.000 | Reference -0.004 OK
8.587 19256 | 0.040 0.963 14.713 | 15:0 anteiso 16.31 | ECL deviates 0.000 | Reference -0.004 OK
10.081 9166 | 0.043 0.952 15.627 | 16:0 iso 7.68 | ECL deviates 0.000 | Reference -0.004 OK
10.703 5317 | 0.045 0.949 | 15999 | 16:0 4.44 | ECL deviates -0.001 Reference -0.005 OK
11.800 48141 | 0.046 0.946 | 16.631 | 17:0is0 40.07 | ECL deviates 0.001 | Reference -0.003 OK
11.961 19382 | 0.045 0.946 16.723 | 17:0 anteiso 16.13 | ECL deviates 0.000 | Reference -0.004 OK
12.444 692 | 0.044 0.945 | 17.001 | 17:0 0.58 | ECL deviates 0.001 Reference -0.003 OK
13.557 2683 | 0.046 0.943 17.632 | 18:0 iso 2.23 | ECL deviates 0.000 | Reference -0.005 OK
14.204 987 | 0.041 0.943 17.999 | 18:0 0.82 | ECL deviates -0.001 Reference -0.006 OK
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RT | Response | Ar/Ht RFact ECL | Peak Name Percent | Comment! Comment2 GC-MS
1.763 | 4.924E+8 | 0.028 o 7.005 | SOLVENT PEAK ---- | <min rt
2.205 952 | 0.022 f— 7.868 < min rt
2.690 2366 | 0.025 o 8811 <minrt
2.957 210 | 0.025 — 9.333
3.215 336 | 0.029 o 9.834
4911 488 | 0.030 - | 11973 f—
6.954 3900 | 0.038 0.982 | 13.619 | 14:0iso 1.70 | ECL deviates 0.000 | Reference -0.004 | OK
7.107 1900 | 0.036 - | 13.730 o
8.447 15603 | 0.041 0.964 | 14.623 | 15:0iso 6.68 | ECL deviates 0.000 | Reference -0.004 | OK
8.587 31513 | 0.040 0.963 14.714 | 15:0 anteiso 13.48 | ECL deviates 0.001 Reference -0.003 | OK
10.081 35466 | 0.043 0.952 | 15.627 | 16:0iso 15.00 | ECL deviates 0.000 | Reference -0.004 | OK
10.702 7267 | 0.044 0.949 | 15.998 | 16:0 3.06 | ECL deviates -0.002 Reference -0.006 | OK
11.801 77994 | 0.046 0.946 16.631 | 17:0 iso 32.78 | ECL deviates 0.001 Reference -0.003 | OK
11.961 44723 | 0.045 0.946 | 16.723 | 17:0 anteiso 18.79 | ECL deviates 0.000 | Reference -0.004 | OK
12.442 975 | 0.055 0.945 17.000 | 17:0 0.41 | ECL deviates 0.000 | Reference -0.004 | OK
13.555 15777 | 0.047 0.943 17.631 | 18:0 iso 6.61 | ECL deviates -0.001 Reference -0.006 | OK
14.206 1668 | 0.049 0.943 | 18.000 | 18:0 0.70 | ECL deviates 0.000 | Reference -0.005 | OK
15.321 565 | 0.041 0.942 18.636 | 19:0 iso 0.24 | ECL deviates 0.002 Reference -0.004 | OK
15.485 1325 | 0.043 0.942 | 18.729 | 19:0 anteiso 0.55 | ECL deviates -0.002 Reference -0.007 | OK
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Fig. S10

. Fatty acids analyses of Rhodothermus marinus DSM 42527



RT | Response | Ar/Ht RFact ECL | Peak Name Percent | Commentl Comment2 GC-MS

1.763 | 4.938E+8 | 0.028 — 7.006 | SOLVENT PEAK - | <minrt

2.206 583 | 0.023 — 7.869 - | <minrt

2.690 1243 | 0.026 - 8.813 - | <minrt

2.958 283 | 0.032 — 9.334

3214 320 | 0.026 o 9.834

4.909 450 | 0.032 - | 11971

6.954 2907 | 0.036 0.982 | 13.619 | 14:0iso 1.07 | ECL deviates 0.000 Refe -0.004 | OK
8.447 20639 | 0.040 0.964 | 14.623 | 15:0iso 7.46 | ECL deviates 0.000 Refe -0.004 | OK
8.588 28456 | 0.041 0.963 | 14.714 | 15:0 anteiso 10.28 | ECL deviates 0.001 Refe -0.003 | OK
10.081 55186 | 0.043 0.952 | 15.627 | 16:0iso 19.72 | ECL deviates 0.000 Refe -0.004 | OK
10.702 6567 | 0.043 0.949 | 15.998 | 16:0 2.34 | ECL deviates -0.002 Reference -0.006 | OK
11.801 92022 | 0.046 0.946 | 16.631 | 17:0iso 32.66 | ECL deviates 0.001 Reference -0.003 | OK
11.961 45055 | 0.045 0.946 | 16.723 | 17:0 anteiso 15.98 | ECL deviates 0.000 Reference -0.004 | OK
13.558 25916 | 0.047 0.943 | 17.632 | 18:0iso 9.17 | ECL deviates 0.000 Reference -0.004 | OK
14.204 1402 | 0.045 0.943 | 17.998 | 18:0 0.50 | ECL deviates -0.002 Reference -0.007 | OK
14.850 607 | 0.037 - 18.367

15326 1155 | 0.047 0.942 | 18.638 | 19:0iso 0.41 | ECL deviates 0.004 Reference -0.001 | OK
15.485 1170 | 0.043 0.942 | 18.729 | 19:0 anteiso 0.41 | ECL deviates -0.002 Reference -0.007 | OK
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Fig. S11. Fatty acids analyses of Rhodothermus profundi strain PRI 2902,




Supplementary Tables.
Table S1. Media 166, modified from Hjorleifsdottir et al., 2001 (9) (without proline). Grunnur
base from medium 162 from Degryse et al., 1978 (10).

For 1L of liquid media:

NaCl 109
K2HPO4 03¢
Yeast extract 1lg
Peptone 1lg
Tryptone 1lg
Glucose 059
Amidon (starch) 05¢
Na-pyruvate 06¢g
Na2COs3 0.18¢
Base "Grunnur" 100 mL
Hot tap water 900 mL

pH adjusted to 7-7.5

Grunnur (for 1L):

Titriplex 1 (nitrilotriacetic | 1.32 g
acid)

CaS04 x 2H20 049
MgCl2 x 6H20 20¢g

Trace elements (Wolfe's | 5ml

mineral solution)

Ironcitrate 5ml
H.0 1000 ml
pH adjusted to 7.2

Ironcitrate (for 1L):
Nascitrate x 2H>0 294 ¢
FeClz x 6H.0 2749

Table S2. Annotated genes from genome of strain ISCAR-7401T (see Excel file).



Table S3. Characteristics that differentiate the characterized strains of Rhodothermus bifroesti.
1, Rhodothermus bifroesti sp. nov. strain ISCAR-7401"; 2, Strains ISCAR-7397; 3, Strains
ISCAR-7399; 4, Strains ISCAR-7403. Data were obtained in the present study. All strains are
aerobic, stain Gram-negative, produce pinkish, translucent colonies, grew optimally at 70°C,
and are oxidase- and catalase-negative. All strains could grow without NaCl (w/v) and showed
growth on D-galactose, glucose, D-lactose, D-mannose, D-raffinose, D-rhamnose, D-sucrose,
pyruvate, L-asparagine, L-aspartate, and L-glutamine. None exhibited growth on D-fructose,
acetate, citrate, L-malic acid, L-alanine, L-arginine, L-proline, L-serine, L-threonine, and L-
valine. All the strains were resistant to rifampicin, kanamycin, and streptomycin and were

sensitive to gentamicin. W, weak growth.

1 2 3 4
Growth at 6% NaCl - - - w
(wiv)
Growth at pH 9.5 w + + +
Utilization of D-maltose, + + + -
L-glutamate
Utilization of L- + + w w
asparagine, L-glutamine
16S rRNA gene 100 100 99.76 99.68

similarity (%) with
strain ISCAR-74017
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Abstract

Surtsey, the youngest of the Vestmannaeyjar islands, is an oceanic volcano formed by
explosive basaltic eruptions off Iceland's southern coast between 1963 and 1967. The
International Continental Scientific Drilling Program (ICDP) SUSTAIN Expedition 5059
conducted three cored boreholes through the volcano's active hydrothermal-seawater system
in the summer of 2017. Through previous molecular analyses and cultivation investigations,
these cores revealed the first sight of the subsurface microbial diversity of the very young
basaltic island associated with the newly formed oceanic crust. In this study, we evaluated
the presence and distribution of cells as a function of the depth, the presence of putative
microbial structures attached to the basaltic tuff and their organization at the micro-scale
toward the substrate by using microscopic methods. This included epifluorescence, confocal
laser scanning microscopy and scanning electron microscopy. We encountered many
challenges due to the very low biomass present in the drill core samples and the presence of
minerals. However, the results suggested that the number of cells was ranging from 5x10*
and 1.36x10° cells per gram of rock, and the sample located at 65 m depth (a few meters
below the coastal sea level) showed the highest number of cells. Furthermore, putative biotic
structures attached to basaltic tuff were detected inside the numerous interconnected vesicles
present in the basaltic glass. This suggests that early microbial colonization of the subaerial
and submarine deposits already occurred barely 50 years after the eruptions terminated in a
geothermal system with temperatures approaching the presumed thermal limit for functional
life on Earth (~121°C).

Introduction

The subsurface represents the largest habitable region on Earth, possibly sheltering more
than 70% of all prokaryotic cells (Edwards et al., 2012a; Bar-On et al., 2018; Magnabosco
et al., 2019). The limits of life in the subsurface mostly depend on the temperature, redox
conditions and the availability of water (Baquiran et al., 2016; Ramirez et al., 2019). The
rock porosity can also influence the distribution of microbial communities in such an
environment, in terms of available space and permeability, which control the movement of
cells and chemicals within the rock. For instance, sub-seafloor sediments are vertically
stratified and therefore present very low porosity and permeability. On the contrary, basaltic



rocks that compose the oceanic crust are much more heterogeneous. Given its size and the
difficulties to access it, the subsurface biosphere still remains largely unexplored (Edwards
et al., 2012b). Its characterization requires linking data from different fields of research such
as geochemistry, mineralogy and microbiology. Different methods are used to study the
subsurface biosphere including culture-depend and -independent methods and microscopic
investigations.

Here, we take advantage of the drill core samples from 50 years old basalt that were collected
in 2017 during the ICDP drilling operation on the Surtsey island to study microbe-basalt
interactions through microscopic investigations (Jackson et al., 2019b; Bergsten et al.,
2021). Surtsey is an underwater volcano that reached the surface and created an island in the
south of Iceland after 3.5 years of basaltic eruptions that ended in 1979 (Jakobsson and
Moore, 1982). Today, the still-active seawater-hydrothermal system reaches a temperature
near 120°C at 100 m below surface (m b. s.), a maximal temperature very close to the known
upper limit for functional microbial life (Takai et al., 2008). The geological composition and
volcanic structures of the island were studied over the years. After the drilling of SE-01 in
1979, the petrology of lithified tephra was described as mostly composed of tuff, and lava
of alkali olivine basalt (Jakobsson and Moore, 1982, 1986). In 2019, the geological
composition of the new drill cores, SE-02A, B and SE-03, revealed that since 1979 the
alteration of glass, plagioclase, and olivine has produced additional smectite, clay minerals,
principally nontronite, and authigenic zeolite and Al-tobermorite (Jackson et al., 2019a; b;
Weisenberger et al., 2019; Prause et al., 2020). Overall, the subsurface of Surtsey island can
be geologically divided into three sections of lapilli tuff with different degrees of alteration:
(i) the glassy lapilli tuff above the coastal sea level (~60 m measured depth), (ii) the more
altered submarine lapilli tuff at the hydrothermal temperature maxima (65-138 m measured
depth) and (iii) the less altered lapilli tuff at the base of the SE-02B borehole (148-180 m
measured depth). Recent studies of the 1979 and 2017 drill core samples showed abundant
microtubule structures in the basaltic glass that look like endolithic microborings (Jackson
et al., 2019a; Jackson, 2020). The observation of these structures in the drill core samples
retrieved from the subsurface of Surtsey could indicate biotic alteration of the basalt
(microbial microboring into the glass), as has previously been observed in other basalt
samples (Fisk et al., 2003; Staudigel et al., 2008; Walton, 2008; Mcloughlin et al., 2010).

The work focuses on the following questions: (i) can we estimate the cell abundance in the
drill core samples as a function of the depth? (ii) can we detect cells and microbial structures
such as biofilms and remnants of microbial activity? and (iii) if so, how organized are the
cells toward the microstructures of the subtract (e.g. cavities, vesicles, tubules, cracks, etc.)
and the minerals? To approach these questions, we used microscopic methods such as
epifluorescence, Confocal Laser Scanning Microscopy (CLSM) and Scanning Electron
Microscopy (SEM) on the drill core samples from the subsurface of the Surtsey volcano.

Material and Methods

Study site and samples collection

Located on the extension of the Icelandic rift zone, Surtsey island (63°18'10.8"N;
20°36'16.9"W) is a volcano that was formed after almost 4 years of underwater and basaltic
eruptions from 1963 to 1969 (Thorarinsson and Pdrarinsson, 1965; Jakobsson and Moore,
1982; Baldursson, S. & Ingadéttir, 2007; Jakobsson et al., 2009). During the ICDP drilling
operation on Surtsey island in 2017 (Jackson et al., 2019b; Weisenberger et al., 2019), drill



cores were collected and stored at 4°C under anaerobic conditions by applying GasPak™
(BD, USA) (Bergsten et al., 2021). This study focuses on twenty-one drill core samples
extracted at different depths from the subsurface of Surtsey island (Table 1). In the
laboratory, the samples were broken in an anaerobic chamber (atmosphere: N2/CO2/H2:
80/10/10, Coy Laboratory Inc., USA) and only interior pieces of the drill cores were selected
for microscopic investigations. Fragments with a diameter less than 5 cm were transferred
to sterile 15 ml Falcon® tubes, sealed and put back in new GasPaks™. The subsamples were
transported at 4°C to the institute of IPGP in Paris, where the analyses took place.

Table 1. Sample ID, borehole ID, core run number, depth, recovery of the full section of the
core run and temperature.

Core Depth (m)

Well Un No. Recovery (m) Temperature (°C) ICDP labelling system
From To
3 14.32 17.37 3.05 18.00 5059-1B-3Z-2,20-29
6 23.47 26.52 3.05 22.00 5059-1B-67-3,21-30
9 3110  32.62 1.52 30.00 5059-1B-97-2,22-28
12 38.72 41.77 3.05 40.00 5059-1B-127-2,25-30
15 47.87 50.92 3.05 65.00 5059-1B-157-22-30
18 57.02 60.07  3.05 85.00 5059-1B-182-3,24-30
21 64.32 66.17 1.85 102.00 5059-1B-212-2,24-30
SE-02- 24 69.22 71.62 240 110.00 5059-1B-242-3,22-30
A 27 75.32 7837  3.05 115.00 5059-1B-272-3,24-30
30 84.47 8752  3.05 120.00 5059-1B-30Z-3,24-30
33 93.62 96.67  3.05 122.00 5059-1B-332-4,22-30
36 102.77 105.82 3.05 122.00 5059-1B-362-3,24-30
39 111.92 11492 3.00 122.00 5059-1B-39Z-3,24-32
42 121.07 12412 3.05 111.00 5059-1B-427-3,22-30
45 130.22 13327 3.05 106.00 5059-1B-45Z-3,23-30
49 139.37 14232 295 85.50 5059-1B-497-4,22-30
52 145.89 14894 3.05 74.00 5059-1C-527-3, 0-9
55 155.04 158.09 3.05 66.80 5059-1C-557-3, 22-30
259 s 16419 167.24 305 55.00 5059-1C-507-3, 15-22
62 17334 176.14 2.80 44.00 5059-1C-627-3, 11-19
65 179.44 182.49 3.05 NA 5059-1C-6527-2,0-9

Sample fixation

All material used during the experiments was cleaned using 70% ethanol (EtOH) and UV
sterilized for 40 min. Using sterile tweezers, fragments of rock samples were transferred to
5 ml Eppendorf® tubes. Samples were fixed in 50% EtOH prepared with 1X Phosphate-
Buffered Saline (PBS) (v/v) at -20°C for 24h.



Cell counting using epifluorescence microscopy

Small EtOH-fixed fragments were collected for each sampling depth from the drill core
samples. The samples were crushed and stained with fluorescent dyes at a final concentration
of 10 uM for 10 min. Both Syto™ 9 green fluorescent nucleic acid dye (SYTO9; Thermo
Fisher Scientific, USA, # S34854) and 4',6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific, USA, # D1306) were tested. Citifluor was used as antifading (Citifluor
Ltd., UK). Each slide was visualized under an epifluorescence microscope (Axiostar plus,
Zeiss, Germany; magnification 1000x with 100x objective; AEx =359 nm, AEm = 441 nm).
Counting cells using epifluorescence microscopy was performed by selecting 15 random
fields of view on a glass slide to calculate the arithmetic mean which was then used to
estimate the total microbial abundance of a sample. However, too few cells were observed
for the results to be meaningful.

Estimation of the number of cells based on DNA concentration

The number of cells was estimated based on the DNA concentration results from Bergsten
et al., 2021. In the last study, DNA was extracted from 15 g of rocks for each depth,
resuspended in 50 pl of Tris buffer (10 mM, pH 8) and quantified using the Qubit
fluorometer and high-sensitivity dsSDNA reagents (Invitrogen™).

The concentration of DNA per gram of rock was estimated for each depth using the
following equation:

DNA concentration (%) % Volume of resuspension (pl)

[ ng of DNA ]

1 gram of rocks Mass of rocks extracted (g)

Then, the cell number per gram of rock was estimated based on the DNA concentration. If
it is considered that one prokaryotic cell contains 1 to 4 fg of DNA (Sessions and Hodgkin,
2013), then, it is possible to estimate the number of microbial cells potentially present in 1
gram of rock. To do so, the following equation was used:

DNA concentration (%) x10—-9

Cells ]

1 gram of rocks ~ DNA quantity estimated in one cell (fg) x 10 — 15

Confocal laser scanning microscopy (CLSM)

Several EtOH-fixed samples were selected for CLSM: (i) 5059-1B-9Z-2,22-28, labeled
B9Z-Cu, which was extracted from SE-02A at 31,5 m depth corresponding to a temperature
of 30°C, (ii) 5059-1B-497-4,22-30, labeled B49Z-Cu, which was extracted from SE-02A at
141 m depth where the temperature rises to 85°C and (iii) 5059-1C-65Z-2,0-9, labeled C65Z-
Cu, extracted from SE-02B at 181 m depth where the temperature was around 37°C. The
samples were selected to represent the three different sections of the drill core: the first
sample corresponding to the glassy lapilli tuff section above the sea level, the second for the
more altered submarine lapilli tuff section at the hydrothermal temperature maxima and the
third representing the less altered lapilli tuff section at the base of the borehole.

Fragments of EtOH-fixed samples were transferred to a sterile mortar and crushed with a
pestle to obtain a thin powder. The powder was transferred to a 1.5 ml Eppendorf® tube and



1 ml of a solution of fresh 50% EtOH was added. Samples were stained with 10 uM of
SYTO9 for 10 min in ice and washed with 1 ml of PBS. DAPI was also tested. After removal
of the supernatant, 100 pl of PBS were added, as well as a freshly prepared solution of 0.5%
melted (37°C) agarose. After gentle homogenization, the solution was transferred to a glass
slide with a well and put on ice for 5 min for agarose solidification. Antifading was added.
Controls without staining were systematically performed for each sample. No fluorescence
was observed in the SYTO9 fluorescence emission range for unstained samples. The
aforementioned method was adjusted after several cell visualization attempts using CLSM.
One strategy consisted of loading more powder material on the slide to concentrate the
sample and the other used very small and friable fragments of drill core samples instead of
powder. After staining, washing and addition of the agarose, the fragment was crushed in
order to fit in the slide well.

CLSM images were obtained with excitation at 405 and 488 nm and fluorescence detection
in the ranges of 425-475 and 500-530 nm using an Olympus FluoView FVV1000 microscope
(Tokyo, Japan) located at IPGP (Paris, France). The F10-ASW FluoView software
(Olympus) was used to process the CLSM images.

Scanning Electron Microscopy (SEM)

Six drill core samples were selected for SEM, two samples for each of the three different
sections of the drill core: 5059-1B-3Z-2, 20-29 and 5059-1B-9Z-2, 22-28 represent the
glassy lapilli tuff section above the sea level, 5059-1B-217-2, 24-30 and 5059-1B-49Z7-4,
22-30 for the more altered submarine lapilli tuff section at the hydrothermal temperature
maxima, and 5059-1C-55Z-3, 22-30 and 5059-1C-65Z-2, 0-9, which correspond to the less
altered lapilli tuff section at the base of the borehole.

Non-fixed samples stored at 4°C were delicately crushed in sterile mortar to obtain small
grains of rocks (< 0.5 mm diameter) and dehydrated before SEM observations. To do so,
four washes of 10 min in increasing concentrations of EtOH (30, 50, 80, and 100%) were
performed. After air drying, samples were placed on carbon conductive tabs (PELCO
Tabs™, 9mm) and were gold-coated. SEM was carried out using a Zeiss AURIGA 40 field-
emission scanning electron microscope (Oberkochen, Germany), which is coupled with an
Energy Dispersive X-ray analyzer (EDX) located at IPG. Images were acquired using
secondary electron detectors (In-Lens for low current and SESI detector for high and low
current) or with a backscattered electron detector detector (EsB) with accelerating voltage
(EHT) ranging from 5 to 15 kV. Elemental analysis was carried out using an energy
dispersive X-ray spectrometer Quantax 200 (125 eV resolution) from Bruker (Billerica, MA,
USA).

Results and discussion

Estimation of the number of cells using microscopy

One of the main objectives of the study was to estimate the number of cells present in the
drill core samples at each depth. However, the distinction between cells and minerals was
difficult under the epifluorescence microscope and too few putative cells were detected in
each sample for the cell estimation results to be meaningful. Indeed, counting cells from
mineralized samples that host low biomass is challenging. The low cell abundance increases
the probability that the cell count falls below the minimum detection limit (MDL), as they



must be statistically meaningful. If the cell count falls below the MDL, the data cannot be
used for the global estimate, even though cells are present in the sample (Adhikari et al.,
2016). In addition, our method attempted to directly count cells from the rock powder. The
separation of cells from the mineral matrix could have been helpful however for manual
microscopic cell counting without interference with the minerals. The good recognition of
cells using fluorescent dye surely depends on the absence of non-biological background
signals and noise, which was present in the samples due to the unspecific binding of the dye
to some minerals. Consequently, all these issues made the counting unreliable and it was not
possible to estimate the number of cells present in the Surtsey drill core samples using this
method. Some techniques were established such as crushing rocks into powder followed by
gentle centrifugation (Lunau et al., 2005), or cell extraction by layer density separation
followed by filtration (Kallmeyer et al., 2008). However, the cell separation could be
incomplete, as cells can be strongly attached to the minerals (e.g. stuck between two layers
of clay mineral), and this would greatly bias the results.

Cell numbers estimation based on DNA concentration

Another approach based on the DNA concentration results obtained for each sampling depth
was applied to estimate the number of cells in the samples. The Surtsey subsurface drill core
samples displayed recovery with low yields of quantifiable DNA in the range of 0.2-1.36
ng/g rocks (0.48 ng/g rocks on average), indicating extremely low standing biomass (Table
2) (Bergsten et al., 2021). Based on these results, we estimated the number of cells per
sample. All sampling depths showed an estimated cell number comprised of between 5x10*
and 1.36x10° cells per gram of rock (Table 2). The sample 5059-1C-22Z-3, 0-10 showed a
higher cell number estimated between 3.40x10° and 1.36x10%. Owverall, these results
revealed that the Surtsey subsurface biosphere is an ecosystem that can be considered a low
biomass habitat. Those results correlate with previous studies from analogous but far older
basaltic environments, ranging from a few thousand years to 64 Ma (Fisk et al., 2003; Mason
et al., 2010; Jungbluth et al., 2013; Salas et al., 2015; Jgrgensen and Zhao, 2016; Meyer et
al., 2016; Zhang et al., 2016).

Table 2. Estimation of the number of cells per gram of rock based on DNA vyield.

DNA

concentration Ng of cells/gram if  cells/lgram if
ICDP labelling system - Qubit (ds ng of DNA DNAgram 4 fgof DNA 1 fgof DNA

DNA HS) of rock in one cell in one cell

ug/mi
5059-1C-4Z-4, 0-10 0.172 8.6 0.573 1.43x10° 5.73x10°
5059-1C-92-3, 0-11 0.143 7.15 0.477 1.19x10° 4.77%x10°
5059-1C-132-3, 0-9 0.16 8 0.533 1.33x105 5.33x10°
5059-1C-17Z-3, 0-10 0.105 5.25 0.350 8.75x10* 3.50%x10°
5059-1C-22Z-3, 0-10 0.408 20.4 1.360 3.40x10° 1.36x108
5059-1C-27Z-3, 0-10 0.11 5.5 0.367 9.17x10* 3.67x10°
5059-1C-33Z-3, 0-13 0.089 4.45 0.297 7.42x10* 2.97x10°
5059-1C-36Z-3, 0-10 0.157 7.85 0.523 1.31x10° 5.23x10°

5059-1C-397-3, 10-20 0.149 7.45 0.497 1.24x10° 4.97x10°



5059-1C-422-3, 10-21 0.17 8.5 0.567 1.42x10° 5.67x10°

5059-1C-45Z-1, 81-91 0.15 75 0.500 1.25x10° 5.00x10%
5059-1C-49Z-4, 9-19 0.109 5.45 0.363 9.08x10* 3.63x10°
5059-1C-52Z7-3, 10-20 0.104 5.2 0.347 8.67x10* 3.47x10°
5059-1C-557-3, 10-20 0.06 3 0.200 5.00x10* 2.00x10°
5059-1C-59Z-3, 22-33 0.095 4.75 0.317 7.92x10* 3.17x10°
5059-1C-62Z-3, 19-28 0.129 6.45 0.430 1.08x10° 4.30x10°
5059-1C-6527-2,9-14 0.13 6.5 0.433 1.08x10° 4.33x10°
Control water Too low N.A. N.A. N.A. N.A.

Control rock Too low N.A. N.A. N.A. N.A.

N.A., Not Applicable.

Nonetheless, the DNA concentration obtained after extraction from 15 g of drill core does
not represent the cell number of the environment. DNA from dead cells can be transported
by fluid inflows (e.g., rain water, seawater, drilling fluid) within the subsurface, which could
bias the estimation, as well as the uncertainty that all cells present in the samples were
properly lysed during the extraction method (e.g. mineralized cells, cells difficult to access
in the minerals, etc.). This method is used only to give an estimation of the cell number and
compare it between the samples. Other methods such as gPCR could have provided a better
estimation of the cell numbers.

Confocal laser scanning microscopy (CLSM)

In the study, we applied CLSM to investigate the cell distribution and the possible presence
of biofilms in the drill core samples. Unfortunately, the presence of minerals complicates the
use of fluorescence techniques. As with any other substrate, dyes can bind to minerals in
non-specific ways. The binding to the inorganic surface results in false-positive signals,
making the detection of the cells difficult. Moreover, the fluorescence of the minerals can
also prevent the detection of true signals (Escudero et al., 2018). Thus, the interpretation of
the CLSM images should be carefully examined and evaluated.



Sum

Sum Sum

Sum

Figure 1. Confocal microscopy images from Surtsey drill cores. a) 5059-1B-9Z-2, 22-28, b)
5059-1B-21Z-2, 24-30, c¢) 5059-1C-55Z-3, 22-30 and d) 5059-1C-65Z-2,0-9. Blue: natural
fluorescence of the minerals, green: SYTOO9 staining. White arrows: possible cells. Red
arrow: unspecific binding of the dye to the inorganic surface.




The first attempts to take CLSM images showed that the samples were not concentrated
enough. Adjustments were performed to visualize signals and possible cells (Figure 1).
Some minerals auto-fluoresce in blue. The SYTQO9 signal, in some places, was visible on the
edge of the minerals, indicating a false signal due to unspecific binding (Figure 1b, red
arrows). Moreover, some forms of clay minerals, such as zeolite minerals, are known to bind
with fluorescent dyes (Bonilla et al., 2001). Furthermore, their shape and size can be
confused with cells. The zeolite crystal has a spherical form and a size between 1 and 3 um
(Demirci et al., 2014). However, the signals that most resembled microbial cells were around
1 um in size and with a spherical shape (Figure 1, white arrows) and no biofilm was
observed. The sample 5059-1B-21Z-2, 24-30 showed some fluorescent dots that appeared
to be organized on the inside wall of the vesicles (Figure 1b, white arrows).

Confocal fluorescence microscopy techniques make it possible to study subsurface
ecosystems at the micro-niche level, allowing the detection of microorganisms and
extracellular polymeric substances (EPS), as well as the distribution of existing biofilms
(Lecoeuvre et al., 2021). Because of challenges such as unspecific binding and mineral
fluorescence, it is essential to combine CLSM with other techniques such as SEM.

Scanning Electron Microscopy (SEM)

Fifty-five images of five drill core samples were taken using SEM. Unfortunately, no images
were obtained from the sample 5059-1B-3Z-2,20-29. Only three images were obtained of
the sample 5059-1B-497-4,22-30, which presented no signs of putative biotic structures.
The following results are based on observations only and are not quantified by statistical
methods. All lapilli tuff samples were porous with high water absorption (Jackson et al.,
2019b). All samples showed vesicles with spherical shapes, 10-80 wm in diameter, and platy
clay mineral structures, with flower petal morphologies (Figure 2a). This indicates that the
original volcanic glass has been altered (Jakobsson and Moore, 1986). The alteration of glass
in clay minerals was previously observed in the drill cores (Weisenberger et al., 2019). The
distribution of microstructures varied with sampling depth. Micro-cracks were observed at
all depths, which could increase pore connectivity by connecting isolated vesicles. This
could greatly help fluid movement in the tuff deposit that is needed for the establishment
and dissemination of microorganisms, also improving the transport of nutrients (Kieft et al.,
1998; Zhang et al., 1998; Rebata-Landa and Santamarina, 2006).
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Figure 2. Scanning electron micrographs of the surface of small grains from the drill core
sample 5059-1B-9Z-2, 22-28, corresponding to a depth of 32 meters in the subsurface of
Surtsey volcano. a) and b) Vesicles in the volcanic glass are altered (presence of flaky clay
minerals) and covered by a net of filaments, or EPS-like structures. ¢) and d) Fibrillar and
fiber-like structures seem connected to mineralized spheroidal elements (EDX analyses: no
carbon and no phosphate detected; data not show) (Bergsten et al., 2021).

The drill core sample 5059-1B-9Z-2, 22-28 was collected from the borehole SE-02A at a
depth of 32 meters, where the environmental temperature was around 30°C. The location of
this sample was in the subaerial tuff deposit, above the coastal sea level. Some vesicles were
covered on the inside by a net of filaments, or EPS-like structures, which were closely
intertwined with each other (Figure 2b). Based on structural observation, these structures
could be EPS representing a 'relic' of the past activity of a biofilm. Moreover, the
morphology of the clay minerals inside and outside the vesicles covered by EPS-like
structures seemed different, indicating differences in the altertation of the minerals. This
could be the consequence of a past biofilm activity that would change the chemistry inside
the vesicles, impacting the alteration of the minerals. However, no microbial cells were
observed in the vesicles. Only small structures (around 300 nm in diameter) or debris were
observed (figure 2b). In some other vesicles, spheroidal elements were detected, which could
be putative microbial cells with a diameter of 2 um (Figure 2c). Furthermore, these vesicles
were covered by fibrillar-like structures (Figure 2d), which seem texturally different than the
EPS-like structures observed in Figures 2a and b. These structures looked like a net of fibers
with ramifications and specific directions. Indeed, some of the fiber-like structures seemed
to be attached to the spheroidal structures. The cavity could be covered by a fibrillar-like
extracellular matrix, which might facilitate the adhesion of microbial cells to the surface and
lead to the formation of a biofilm. However, EDX analysis was realized on the spheroidal
element and neither carbon nor phosphate was detected, but magnesium, aluminum and iron,
suggesting inorganic matter. Yet, it has been shown that EPS could be the nucleation site for



carbonate precipitation (Han et al., 2019), indicating that the spheroidal structures observed
in Figure 2c, could represent mineralized microbial cells.

The drill core sample 5059-1B-21Z-2, 24-30 was collected from the borehole SE-02A at a
depth of 65 meters. This sample was located just in the submarine tuff deposit below the sea
level where the environmental temperature was around 100°C. Amorphous volcanic glass
present in this sample seemed less organized than in the sample 5059-1B-9Z-2, 22-28, which
could indicates that the cooling process was slower at this depth than at higher depth (Figure
3c). In some vesicles, the clay mineral layer covered the entire inside surface and in others,
they were organized in patches (Figure 3a and b). This difference in the alteration degree of
the clay minerals present in the vesicles could be explained by the different connections with
the outside microenvironment. A vesicle isolated could grow clay minerals differently than
a vesicle connected to the outside through cracks and fissures by fluid circulation. The
differences of physico-chemical composition between vesicles could influence the
microenvironments, the apparition of clay minerals and the establishment of microbial cells.

o

Figure 3. Scanning electron micrographs of the surface of small grains from the drill core
sample 5059-1B-21Z-2, 24-30, corresponding to a depth of 65 meters in the subsurface of
Surtsey volcano. a) and b) Patches of flaky clay minerals, mineralized ellipsoidal elements
and soft net of filaments, or EPS-like structures can be observed inside of some vesicles
presents in the volcanic glass. ¢) and d) Inside some other vesicles wrinkled dome structures
can be observed, which seem to be made of a net of filaments (Bergsten et al., 2021).

Also, some vesicles that were “colonized by clay minerals” seemed to have lost their layer,
making the inside nude. This might have occurred during the sample preparation. Ellipsoidal
elements or cell-like structures were observed with a size of 2.5 to 3 um long and 2 pum width
(Figure 3a, white arrows). Since a few of these structures were present in the vesicle and
showed the same size, it could represent microbial cells. However, the surface of the



structures seemed mineralized (Figure 3b). A net of filaments was also observed with a long
tear or cut (Figure 3a, black arrow), indicating a soft structure. The presence of both putative
cells and EPS-like structures could suggest the presence of a biotic activity. Moreover,
wrinkled dome structures were observed in many vesicles at this depth (Figure 3c, white
arrows) with a diameter size between 10 and 20 pm. A soft wrinkled structure seemed to
cover a dome. This could be due to the sample preparation for SEM images, which included
the graduate steps of dehydration. With closer inspection of the structure, a net of
crisscrossed filaments was observed that appeared to cover the dome. These types of
structures might be EPS forming the matrix of a biofilm and the dome would be a consortium
of cells or very small colonies, which we called EPS-microcolony complexes.

An Energy Dispersive X-ray analysis was performed to confirm the biotic signature of the
wrinkled domes (Figure 4). Energy Dispersive X-Ray Spectroscopy (EDS or EDX) analysis
provided the elemental composition of the targeted structures, corresponding to the clay
minerals and the wrinkled dome structure (Figure 4; blue and red areas). It revealed that the
putative microcolonies were enriched in carbon, oxygen, sodium, phosphate and calcium
compounds, which are cell-biomass-associated elements.

Clay minerals

——— Wrinkled dome
structures

Counts per second per electron-volt (cps/eV)

3 4 5
kilo-electron-volt (keV)

Figure 4. SEM image (a) showing regions of wrinkled dome structure (in blue) and clay
minerals (in red) subject to EDX analysis (b). cps/Ev: counts per second per electron-volt,



keV: kilo-electron-volt. The EDS spectrum of the wrinkled dome shows enrichment of C,
O, Na, P and Ca compounds.

The drill core sample 5059-1C-55Z-3, 22-30 was collected from the borehole SE-02B at a
depth of 157 meters. This sample was located under the thermal barrier where the
environmental temperature is around 64°C. In this sample, two types of filaments were
observed: thin, flexible and tubular filaments (Figure 5a and b, white arrows) and thick,
breakable and flat filaments (Figure 5¢ and d, white arrow). The flexible filaments seemed
to be EPS unlike the breakable filament, which appeared similar to the structures identified
as Al-tobermorite in the new drill core (Weisenberger et al., 2019).

Figure 5. Scanning electron micrographs of the surface of small grains from the drill core
sample 5059-1C-55Z-3, 22-30, corresponding to a depth of 157 meters in the subsurface of
Surtsey volcano. a) and b) Thin, flexible and tubular filaments, or EPS-like structures. c) and
d) Thick, breakable and flat filaments, which seems to be mineral structures.

The drill core sample 5059-1C-65Z-2,0-9 was collected from the borehole SE-02B at a depth
of 181 meters. This sample was located at the bottom of the drill core, above the seafloor,
where the environmental temperature was around 37°C. Vesicles in a spherical shape and
differing in size (10 to 50 um) were observed very close to each other. Spheroidal elements
were observed inside some of them (Figure 6a, white arrows), which were consistent with
bacterial form and size. A vesicle showed the presence of a biofilm-like structure where thin
and flexible filaments forming a net were detected (Figure 6b, white arrows). These
structures, which were likely EPS, seemed to be projected in three-dimension from central
amass, where some cell-like structures and debris were observed (Figure 6b, pink arrows).
Coccoidal shape elements with a size of 2 um in diameter were observed. A soft texture net
of filaments seemed to project from a central biofilm-like structure and covered the inside
of the vesicle. Inside other vesicles, larger spheroidal elements were observed (2 to 5 um in



diameter). These elements could be consistent with bacterial form (size and shape). As
mentioned previously, the production of soluble EPS can initiate nucleation sites suitable for
the growth of minerals. An article published in 2018, which studied the formation of some
minerals mediated by a deep-sea bacterium (Li, Yao et al. 2019), showed a similar structure
as the spheroidal elements present in Figure 6c. In the study, different bacterial components,
such as native cells, soluble EPS, or small organic molecules, were used to influence the
crystallization and growth of the minerals. They demonstrated through mineralization
experiments that the bacteria did not only promote the mineralization but also influenced the
shape. The spheroidal elements published in this study were very similar to the one observed
in Figure 6¢ and were formed in the presence of components found in the supernatant of the
bacterial culture. Thus, we suggest that the spheroidal structures observed in the vesicle in
Figure 6c¢, could be abiotic but biologically mediated by small organic molecules.

Figure 6. Scanning electron micrographs of the surface of small grains from the drill core
sample 5059-1C-65Z-2,0-9, corresponding to a depth of 181 meters in the subsurface of the
Surtsey volcano. a) Vesicles in the volcanic glass with inside spheroidal elements (white
arrows). b) Magnification inside one of the vesicles where cell-like structures (pink arrows)
and thin, flexible and tubular filaments, or EPS-like structures (white arrows), can be
observed. ¢) Spheroidal elements inside vesicles and d) Magnification of another vesicle of
the sample where a net of filaments (white arrows) covers the inside of the vesicle and
spheroidal elements consistent with bacterial forms (pink arrows) can be observed.

Based on these observations, the structural strategy adopted by microorganisms inhabiting
the subsurface rocks of Surtsey volcano appeared to be organized in biofilms with the
production of EPS, or EPS-microcolony complexes, which appeared to be only located
inside the numerous interconnected vesicles present in the volcanic glass.



Conclusion and Perspectives

In this study, we showed that the application of fluorescence techniques on the drill core
samples from the subsurface of Surtsey volcano was challenging to (i) estimate the cell
numbers, (ii) detect cells and microbial structures, and (iii) investigate their organization
towards microstructures of the rocks and the minerals. The glassy basaltic tuff from the
subsurface of Surtsey is porous and highly mineralized (Jackson et al., 2019b; a; Prause et
al., 2020), and thus, the presence of minerals leads to some issues. First, minerals, such as
zeolites crystals, were consistent with microorganism form and size, making their distinction
difficult with actual cells. Secondly, some minerals auto-fluoresced, preventing the detection
of true signals. And thirdly, dyes bonded in a non-specific way to these minerals, resulting
in false-positive signals. Moreover, we worked with samples presenting very low biomass.
Consequently, the detection of cells was a tedious task. Our estimation of the cell numbers
based on counting using epifluorescence microscopy fell below the minimum detection
limit. The cell numbers were thus estimated based on the DNA concentration and showed
values ranging from 5x10* and 1.36x10° cells per gram of rock. A drill core sample located
in the submarine tuff deposit (65 m depth, in situ temperature of 101.5°C) showed the highest
number of estimated cells in the range of 3.40x10° to 1.36x10° cells per gram of rock. The
CLSM images located at the same depth suggested that putative cells were situated inside
vesicles in the basaltic glass. Furthermore, the analyses of the SEM images revealed putative
biotic structures, such as microbial cells connected by nets of EPS, forming biofilm
structures. Indeed, many vesicles at 65 m depth with a diameter size of 10-20 pm were found
with wrinkled dome structures. Some evidence suggested that the observed structures were
of biotic origin, including their appearance, size and the EDX analysis results. This cell
cluster organization in EPS-microcolonies could be an adaptation strategy for microbial
survival and protection from the extreme environmental conditions occurring in the
subsurface of the Surtsey volcano. However, the interpretation is only based on observations
and numerous questions still remain, such as: Do the inhabiting vesicles correspond to
specialized micro-niches with different optimal conditions (e.g. aerobic versus anaerobic),
different metabolisms and different microbial communities? Or are these niches
interconnected to interchange metabolic products, thus generating a network of specialized
metabolisms? Other methods should be tested to develop an effective protocol to separate
cells from the mineral matrix before the cell count. In addition, performing qPCR on DNA
extracted from the drill cores may give a better estimation of cell count. Moreover, different
DNA dyes or fluorophores of higher sensitivity (e.g., SYBR-Green I) and with different
wavelengths should be tested for better distinction between cell-derived fluorescence signals
and nonspecific background fluorescence signals from minerals (Morono et al., 2009). More
efforts should be made to characterize the microbial communities attached to the submarine
and subaerial basaltic tuff deposits of the Surtsey volcano using microscopic investigations,
such as laser microdissection combined with whole-genome amplification (Gérard et al.,
2018). A subsurface observatory was deployed in September 2017 in the borehole SE-02B.
It involved incubation chamber experiments that could lead to great discoveries such as the
detection of biosignatures of microbe—mineral interactions on the glass and olivine samples
retrieved from the observatory (Tirke et al., 2019).
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