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All civilizations become eithespacefaring or extinct.

Carl Saga



Resumo

Uma das questdes que a astrobiologia pretende responder é se estamos sozinhos no
universo. Alguns mundos gelados que orbitam Jupiter, Saturno, e outras estrelas, sédo
locais de interesse para procurar vida extraterrestre. MissOes espasifissao 0
deradeiro método que poderé fornecer uma resposta definitiva a esta questao, e varias
missdes a estes mundos estdo planeadas acontecer nas proximas décadas. No entanto,
ainda € necesséario trabalho na Teo@n recurso a analogos planetérjea preparar
estas missdes Analogos planetarios sdo locais no nosso planeta que reproduzem
caracteristicas de ambientes extraterresiesnverno, a Baia de Hudsam Canada
um analogo planetario para alguns mundos gelados. Foi realizado um estudo integrativo
nacosta da Baia de Hudson para determinar e relacionar a quimica e a microbiologia do
seu gelo e agua. Primeiro, foi concebido e testado um protocolo para o processamento de
gelo apos a colheita de amostras, ierfeestigadoa possivel contaminacdo duraote
processoge amostragemprocessamento de gelo. Em sequéncia, a estrutura procariotica
das amostras de gelo e agua foi explorada, revelando uma assimetria ingreme entre estas
comunidades e a sua relacdo com a salinidade. Os microrganismos de getamevel
produzir mais biopigmentos do que 0s microrganismos na agua. Espectroscopia foi
aplicada para explorar o conteudo de biomoléculas fluorescentes. Moléculas humicas,
triptofano, e provavelmentedaroteno foram encontrados em amostras de gelo e agua,
variando ao longo do gradiente de salinidade, e dependdmdygraude degradacao
biologica. Clorofilas e carotenoides foram detetados em suspensfes enriquecidas de
microrganismos cultivados a partir das amostras, e 0s seus sinais resketilriorma
diferente dependendo da disponibilidade de 4gua. Esta abordagem holistica de analise
astrobiol6gica do mesmo conjunto de amostras, que inova nas boas praticas de trabalho

de campo para amostras de gelo polar, desvendou comunidades procaridticas do gelo e



da 4guala costa Baia de Hudson e suas assinaturas quimicas, culminando no primeiro

catalogo de bioassinaturas coloridas para procurar vida em mundos gelados.

Palavras-Chave: Baia de Hudson, bioassignaturas, biopigmentos, microbiologia polar,

espectroscopia



Abstract

One of thequestions astrobiology aims to answemisetherwe are alone in the
universe. Some icy worlds orbiting around Jupiter and Saturn as well as orbiting other
stars are locations of interest to search for etemnestrial life. Space missions are the
ultimateapproachhat may one day give us a definitesaver and several spaggssions
to these worldsvill happen in the next decaddsowever, a great amount of work
neededn Earth resorting to planetary field analogués preparghem Planetary field
analogues are places on our planet that reprodoose characteristics from extra
terrestrial environment#n the winter season, Hudson Bay in Caniada planetary field
analogue to some icy worlddni nt egr at i ve st ud yaspefforntd dson b
to determine, characterize, and relse chenstry and microbiology of its ice and water
along a salinity gradienfAs a first approacha clean protocol for ice processing after
sampling was designed and tested and ice sampling/processing contaminants were
investigated and documented. Followinge throkaryotic structure of ice and water
samples was explored revealing a steep asymmetry betweeontineunitiesof ice and
water andheir relationship with salinitylce microorganismsvererevealedo bemore
prone to produce biopigments than the noecganisms in water. Spectroscopas
applied to further explore the conteoft fluorescent biomolecules. Humic molecules,
tryptophanand likely3-carotene were found in environmental samples of ice and water,
varying along the salinity gradient, and depending bim+ and photodegradation
Chlorophylls and other carotenoids were detected in enriched suspensions of
microorganisms cultivated from theamples, and their signals reflected differently
depending on water availability. This holistic approach to astrobiology analysis of the
same set of samples innovated in fieldwork good practices for polar ice samples,

unraveled the prokaryotic communittsy om Hudson Bay coastbés 1ice



chemical signatures, culminating in the first catalogue of colored biosignatures to search

for life in icy worlds.

Key words: Hudson Bay, biosignatures, biopigments, polar microbioleggctroscopy
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Astrobiology is the multidisciplinary science that aims to answer the following
guestions:i fleHow gdind and evolve on Earth?o0,
and beyond?06, and fAls there |ife elsewhere

The search for life in the universe can focugh@detection of lifeelsewhere in
the solar system, intersectiagtrobiologywith planetary sciencer on thedetection of
life beyond the solar system, entering the fields of astrophysics and astrohloeny
definition of life also plays an important role in this quest aciéntists may look for
signs offilife as we know b (i.e., life on Earth is carbebased and uses water) or
alternative forms of life (e.g., using methane instead of water, or being diasau
insteadof carbon)(e.g.,Stevensoret al, 2015)

The search for life in the By system is mainly based on the detection, and
characterization of the three minimal requirementhédoitability (liquid water, essential
elements to lifeand an energy sourceeeCockellet al, 2016) and organic molecules
considered to be the building bleof the basic unit of lifé the cell- such as, among
others, carboxylic acids, amino acids, nucleohasasbiological pigmentgChanet al,
2012b; Martinset al, 2013; Myrgorodskaet al, 2016 ; -Jdanesstal, 20&dy
Martins, 2020) Some of these chemical imprints of life may be called biosignatéres.
biosignature is anyneasureor feature that can biterpreed as evidenceof past or
present life- (Europa Lander Mission,"? meeting, 2020)An important requirement
when discussing biosignatures is that they cannot be produced in the absence of life,
excluding many molecules within the chemical groups afms®ioned. For instance,
there are amino acids that have abiotic origins, thus amino acids alone will not be
considered evidence of lif&chwendneet al, 2022) However,the chirality of amino
acids may be used as a tool that helps to distihghisr origin, i.e., racemic mixtures of

proteic amino acids have an abiotic origin, wialeexcess of kproteic amino acidss
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indicative of a biological origin. On another hand, other groups of molecules, such as
biopigments, are known to be producedydy living organisms, thus being considered
biosignaturegBaquéet al, 2020)

The study of biosignatures Earth is crucial to the success of future space missions
desigred mainly for their detectionFailureto properly identifywhatlife looks like on
our planet, the onlgxample of life we haveill likely lead humankindto miss extra
terrestrial life signalsgven if we aréooking closé¢y enough.The only bodies that are so
far known to include the three minimal requirements for habitabilityVanes anda few
icy moonsorbiting Jupiter and Saturithe current knowledgef other planetargystens
is still much limited due to the massive distance that separates us from teanaxhe
Milky Way. Nonetheless, it is already possible to determine when an exoplanet has
conditions to sustain liquid water or n@€altenegger, 2017)and soon it will be also
possible to know whether complex colorful biosignatures dominate their landscape
(Kouveliotouet al, 2014)

I n this thesis, | will focus on,lwll i fe
describe the statef-the-art on the identification of the three minimal requirements for
habitability, the concept dfabitability, how it applies to icy worldand how Earth can

be used as a tool to prepare for the detection of-etrastrial life in icy environments.

[.1 The three pillars of habitability

The exact conditions for the origin of life remain unclear, yetthdy of the Earth
has allowed us to wellonstrain the conditions needed for life to surviv@lowing those
constraints, astrobiologists have proposed basic requirements for any environment to
develop anctarry life. Consequently, the habitability afplanet or moon does not refer

to the presence of lifper se but instead to its capability to support life throughout all its



stages(Westall et al, 2013) Often, the termi h a b i t ia bsed to targaed specific
locations within the solar systef@and beyondinthesec al | ed fihabi tabl e zor
orbits around atar within which the surface of a planetary body can retain liquid water),
and on planets or moons outside this fAhabi !
for extraterrestrial life to developHandet al,, 2020)

Variations to the definition of habitability occur when adding the factors related to
life activity, where habitability means an environment with the necessary conditions for
at least one known organism to be active. Heteve refers to metabolically aoe as
cell maintenance, growth, or reproductif@ockell et al, 2016) Habitability in this
variation is necessarily defined by reference to specific organisms einche¢ledgHall
et al, 1997; Aartset al, 2013) Since the search for exttarrestrial life in our solar
system is directed to microbial life detection, we must contampliae minimal
requirements fomicroorganism®n Earth(Farmer, 2018]j or as herein also referred to
T the three pillars of habitabilityThus,as referred before brieflghe habitability of a
planet or moon will rely on thremonditions 1 f one consi dagusingiil i f e a
water and carbon, being able to sueyigrow and reproduce. These requirements are
liquid water availability (Westall et al, 2018) specific chemical elemenigarbon,
hydrogen, nitrogen, oxygen, phosphorus, antusulCHNOPS)(Cockell et al, 2016;
Martins, 2020) and an energy source (e.g., tidal heat, solar radiation, radioactive decay,
or geochemical(Nealson, 1997)

Life is, inherently, a chemicglhenomenon, and thus subject to different forms of
toxicity. Environmerdinduced toxicity is herein considered a habitability dimension
alongside its three pillaxd habitability(Cockellet al, 2016) Many energy sources may
cause undesired chemical reactivignd thus biological toxicity, such as solar radiation,

Galactic Cosmic Rays (GCR), and other particles accelerated by the magnetosphere of



giant planets. Some extremophiles survive undagingnirradiation energies, intensities,
and time period¢gMerino et al, 2019) and minerals shidlbiological building blocks
from radiationinduced deterioratiodos Santost al, 2016; Laurenét al, 2019; Ertem

et al, 2021) However, highenergy radiation remains an obstacle to the habitability of

the surface of a planet or mogNordheimet al, 2018)and the integrity oflesignatures

[.2 Icy worlds in the solar system

The unraveling of information about the outer solar system moons, especially the
knowledge that some of them contain a significant amount of water ice, came centuries
after their first observation. In the secdmalf of the last century, modern telescopes and
missions such as the Voyager 1 and 2 allowpethe description of the ice that covers
some of the moons of Jupiter and Sat(balton et al, 2010) ii) the observation that
some satellites show signs of recent geological acfiiiitpine, 1990)iii) knowledge of
episodes of exchange of material with their parent planet and with other close moons
(Eviataret al, 1981) iv) the description of surface and atmospheric chemiBtajtonet
al., 2010, and references thereignd mostintriguing for astrobiologistsy) the
possibility of liquid water in the subsurface of geologically active icy wadds Squyres
et al, 1983) At the urn of the century, the Galileo mission obtained significant evidence
of liquid water underneath the ice crust of Europa, which seems to be in contact with the
rocky core(Khuranaet al, 1998) The same was expected for Ganymede and later
verified with aid of the Hbble Space TelescodST) (Sauret al, 2015) In 2005, the
CassiniHuygens mission to study Saturn and its moons approached Enceladus and
revealed what Voyager was not able to: cryovolcanic activity expelling what was
suggested to be water vapor from its bopble (e.g. Porcoet al, 2006) Materials

sampled by Cassini flybys through the Enceladus pluanesinferred to be dirdgt



sourced from its interior ocegPostberget al, 2011) The plausibility of an internal
ocean of the moons Callisto, Mimas, and Di@lanited to a single line of evidence, and
the interior oceans dfriton and Rhea are no more than a theoretical infer@hciinnon

et al, 2014; Neveet al, 2019)

Nonethelessjduid water underneath the surface of these icy worlds has motivated
discussions about the habitability of icy moons. Besides liquid water and a source of
energy, life needs a supportive chemiaahposition to evolveGeochemical processes,
which can supply bioavailable nutrients, crea@uctionoxidation (redoxpotential,and
provide catalyzing agents for polymerization reactions among other functions, are
essential to support life on Earth and were fundamental for its origin. The presence of a
rocky core in the icy moons of our solar system is therefore crucial for tbtemoe of
life-enabling geochemistry on these bodManceet al, 2007). Icy moons are modeled
to have variations of silicate rocky cores. A recent model suggests that the cores of icy
moons may also contain significant carbonaceous mééri et al, 2020) The
interaction between the rocky core and the interior ocean is crucial for the occurrence of
reactions known to sustain liféhroughgeochemical reaction&.g.,serpentinizatio))
the core will potentially supply the ocean and the surface with CHNOPfs, the
astrobiology potential of the icy moons will depend ondhemistry of both the core and
interior ocean However, the existence of water/rocky core interactian$ighly
dependent on the level of differentiation and thermal evolution of these moons. Evidence
suggests that both Enceladus and Europa have an active ocean/core interface, fueling
geochemical processes such as hydrothermal acftsigin et al, 2020; Howellet al,

2020)



.3 Europa

While in Jupiter orbit, Galileo mission flybys brought a lot of attention to the
Europa moon. Empirical observations of the ice shell, including limited crater counts,
indicate a young and active surfg€arret al, 1998; Fischeet al, 2015) However, it
is what we know related to its interior that stimulates the curiosity and objectives of future
missions to this moon. Gravitational and magnetic data from Galileocatgd that the
geological model for Europa includes a globallgtributed interior ocean in contact with
a silicate core, all under an ice shell with a thickness that is still under ¢elgatehurana
et al, 1998) If the chemical composition of the interior global ocean of Europa is
adequate to sustain life is still an unanswered question. The moment of inertia and internal
structure of this satellite implies the presence of a water/rock interface, which coupled
with the internal heat generated from tidal stresses, creates an emesirtcior reductive
geochemical processes on the seafigtowell et al, 2020) However, the chemical
composition of the ocean also depends on material intrusions at hydrothermal vents, and
the recycling of oxidative species from the highly irradiated surface via ice tectonics.
Also, the ejection of material from lo onto the Europa surface may be subsequently
incorporated ito its interior through active regions, such as chaos ter(Biwiataret al,

1981, Daltoret al, 2010) Thus, the ocean may engender a mixture of both endogenous
and exogenaimaterials, just like the surface appears to.

Even though Europa receives a lot of exogenous material accelerated by the strong
magnetosphere of Jupiter, this moon has a relatively smooth surface. However, there are
significant observable surface irregities such as craters, domesd pits (lenticulae),
dark streaks (lineagand colorful mottled regions (yellow and brow@arret al,, 1998)

These differences are due to the distinct nature of the hemispheres, endogenous versus
exogenous sourcing, and the chemistry of the ma{@atonet al, 2010; Fischeet al,
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2015) Spectroscopy studies have found three chemically distinctive regions: the trailing
hemisphere bullseye, the higher latitudes le# teading hemispherand the leading
hemisphere chaos uni(Bischeret al, 2015) The spectra from higher latitudes of the
leading hemisphere correspond well with water ice. The materials corresponding to the
trailing hemisphere are interpreted asSE: hydrate, mirabilite (N£5Qs-10H0),
hexahydrite (MgS®6H20), bloedite (NaMg(SQu)2-4H20), MgSQ brine, and water ice
with grain sizes of J{Fscheret &,,201%) 4dblel.1P Bhe , and 1
same results had been presented earlier using the Galileelnff@eaed Mapping
Spectrometer (NIMS) dat@Dalton et al, 2010, ad references thereinpsomite has
also been predicted, although its origin is unc(Baown et al, 2013) The chemistry of
the trailing hemisphere is most likely exogenous due to the implantation of materials from
| 06 s v (Eviataaehad, 4981)

Anot her effect of thergdiolysis of thesicemmatigersweface s p her «
of Europa. This, H.SO: may be generated by radiolysis of water ice with implanted S
and/or endogenic sulfurous salts brought up from the subsurface through volcanic events
(Daltonet al, 2010, and references thereilt)has been suggested that Mg&0lalso a
product of surface radiolysis since observations of Mg&€de spatially coincident with
sulfuric acid hydrates. However, outside contamination should still be considered, at least
for sulfur, since observationsing the Keck telescope showed that Mg®Opresent on
the side that is facing the highly active(Brown et al, 2013) Indeed, the presence of
SO in the trailing hemisphere of Europa is also consistent witimtfedl of sulfur from
the lo plasma torugDalton et al, 2010 and refences therein; Eviatat al, 1981)
Nevertheless, sulfur is considered an important geochemical biomarker for future
missions to the icy moons, which will likely investigate S isotopes in sufficient detail to

detect potential S biomarkefGhelaFlores, 2017)



Distinctively, the leading hemisphere chaos units appear composed rabstly
endogenous material. The chaos terrain is thought to be a conduit between the surface of
Europa and its subsurface ocean since both ejection of the interior ocean and subduction
of outside materials may occ(fischeret al, 2015) The gneration of interior/exterior
chemical cycles is favorable due to this interaction, aligning with the heavy effect of
radiation. Nevertheless, ocean materials are supposed to exist on the surface, and if the
ocean is briny, then salts are the favoritedodates. Indeed, studies have given crucial
indications that chaos region dark zones have compositions indicative of salts that may
have been expelled from the subsurface. Most recently, a study using data from the Space
Telescope Imaging Spectrograph (SYlof the FBT detected signatures of irradiated
NaCl on the surface of Europa. The deepest absorption of NaCl resembles the yellow
color of Tara Regio. Other absorption data were also associated with other chaos regions
(Trumbo et al, 2019b) The correlation of NaCl signatures with the chaos terrain in

conjunctionwith Galileo magnetic data strongly suggests an interior briny ocean.

Table 1.1 - Geochemical characteristics Bfuropa including the inventory of their detected/predicted
atmospheric, surface, and intenmaterials Adapted from Coelhet al, 2021, in Encyclopedia of Geology
2nd Edition, Elsevier.

Materials : Materials . _

. Materials . .| Evidence or | Likelihood
il;rtgtr:iig:rted S?éz(i:éfedd or detet_:ted or {)hrgdlcted n prediction of | of water-
structure in the predicted ~ at subsurface | "°¢¢ nt surface _rock )

the surface activity interactions
atmosphere ocean
H20®),
H2SO®
hydrate,
mirabilite®),
Differentiated. hexahydrité,
Rocky core in 2 3 | bloedite?, Tectonic  event
Ll O, Na®) .
Europa contact  with K@ " | MgSOy NaCI® and High®)
the subsurface brine®, cryovolcanisn®)
oceaf) epsomité)
SO,
NaCI®),
CoN, O,
H20,("
(1)(Khuranaet al, 1998) (2)(Hall et al, 1995) (3)(Daltonet al,, 2010) (4)(Fischeret al, 2015) (5)(Brownet al,
2013} (6)(Trumboet al, 2019b) (7)(Trumboet al, 2019a) (8)(Jiaet al, 2018) (9)(Vanceet al., 2007)




Hydrothermal circulation could justify a salth ocean and thus the presence of salts on
the surface of Europ@able 1.1), especially on the active parts such as the chaos regions
(Trumboet al, 2019b) The other species known or presumed to exist on the Europa
surface are usually primary or secondary products of the radiation bombardment upon
this moon, promoting an aative surface. Molecular oxygen, a radiolytic product of
water ice, was detected by H%Hall et al, 19%). Some of the hydrogen products of
water radiolysis escape due to the weak gravity of Europa, leaving an atmosphere rich in
oxygen behind. Hydrogen peroxide was also identifisdepresentinganother by
product of surface radiolysi@rumboet al, 2019a)(Table I.1). However, there is no

proof of whether KO, is transient or stable since radiation could also be destructive to
H20>. The presence of GQdeteted by NIMS)and Q in the leading hemisphere chaos
regions may slovdownthe destruction of D2 by scavenging electrons created during

the continued irradiation of the i€€rumboet al, 2019a) The presence of @, on the
surface of Europa, especialily the chaos regions, may be of astrobiology importance
since the habitability potenti al of Eur opad
oxidants, such as#,, to counterbalance the reductive hydrothermal environment on the
seafloor(Howell et al, 2020) Consequently, understanding the real role of the radiolytic

cycle of Europa may lead to vital answers regarding its geochemistry.

[.3.1 Habitability conditions of Europa

Millions of kilometersaway from the Ahabitablfed zoneod
Europa® subsurface ocea(Khuranaet al, 1998; Kivelsonet al, 2000, 2002) This
characteristic grantedorlds like Europaa new category (lahneed fAoce
2017) By the new definition, it is possible to télatone of the main requisites to sustain

flife as we know b  avaslable- liquid water.
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Europais modeled to have wateock interactions based on its high rock content.
This results in higher heat productigance et al, 2016) which leads toanother
requisite: energy. Europa has been recently modeled togeahough energy to have
preserdday volcanic activity at the seaflo@kicCord et al, 2001; Bdh,bounkov s
2021) Waterrock interactions potentiate key geochemiealctions for the enrichment
of the ocean in vital elements and are even possibly mediated by lifé\taplfeet al,

2007; Doddet al, 2017; Kitaci et al, 2018) Hydrothermal events are also associated
with the origin of life on EartiiMiller et al, 1988) thus, life in Europa could be recent,

and/or relatively evolved microbial lifiea product of multiple life genesis and the natural
path of evolution.

Potential energy sources vary from internal tidal friction and radioactive decay
( BN h o ueatd,@02FB)to surface photolysis and radiolysj€arlsonet al, 1999) The
surface of the Galilean mas is highly irradiated by Jupiter's magnetosplisia@dheim
et al, 2018) This creates a highly oxidative surface and some studies have suggested that
the interior ocean of these moons may be a reductive environment, creating a potential
redox gradienf{Vanceet al, 2016) With tectonic movements, a redox differential may
be created in Europabs interior ocean, whic
flife as we know ib.

Besides the abundanoé water ice(e.g. Clark, 198Q)past missions have also
revealed a fraction of other minor chemical components present on the surface of these
moons such aSQC;, CO,, and Q (Laneet al, 1981; Nollet al, 1996, 1997; McCoret
al., 1997, 1998)However, it is still difficult to distinguish between endogenous and
exogenous materialBrown et al, 2013) Examples of the sources of exogenous
materials are the volcanic products of #ister moon lo that escape to sp@dearellos

et al, 2008)and galactic particle@Martins et al, 2013; Nordheinet al, 2018) all of
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which are accelerated through Jupiterds
materials may be the ice shell composition that will endure radiolytic events due to UV
(penetration limitedd the surface) or ionizing genetrationup to 1 meter of dept)
radiation, as well as thermal proces@dsrdheimet al, 2018; Trumbaeet al, 2019a)

Another possible endogenous source is the interior ocean through cryovolcanic and
tectonic events, making the id#ication of these internal components a priority to
determine habitabilityRussellet al, 2017) Given the thick ice shell that covers all the
surface of these moons, failing to know which surface materials come from the interior
will leave the chemistry of the interior oceans a complete mystery. The Galileo mission
data demonstrated the stance of several hydrated satts the surface of Europa
(McCord et al, 1999)with possible origin in the interior ocean. However, a radiolitic
origin could not yet be discarded considering that tlsafis were not exclusivi® the

most active locations on Eurof@rown et al, 2013) Years later, evidence of NaCl in

the active surface of Europa was reported, a much stronger suggéstiroendogenous

ocean sourcéTrumboet al, 2019b) There i s some consensus
ocean must be briny which the evidence of the preserida@ifin the chaos region came

to reinforce.

.4 Enceladus

Enceladus is one of thiew ocean worlds with direct evidence of geological
activity. Its libration amplitude and ice/rock ratio indicate a global ocean that is
completely differentiated from the rocky core and the thick (~40 km) ice (@tediblet
et al, 2017; Hemingwat al, 2019) The surface of this moon is covered by a complex
pattern of smooth, extremely bright ice, being the brightest planetary body in our solar

systemCassini characterized the atmosphere of Enceladus, which is composed primarily
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of ionized water vapor, C£CHs, and other organic molecul€Bable |.2) (Daltonet al,

2010)

Table 1.2 - Geochemical characteristics Bhceladusincluding the inventory of their detected/predicted

atmospheric, surface, and interior materiatfapted from Coelhet al, 2021, in Encyclopedia of Geology,
2nd Edition, Elsevier

M aterials . Materials . -
. Materials . .| Evidence or| Likelihood
Predicted detected orf jetecteq or| Predicted in prediction  of | of water-
Interior predlcted predicted at the recent surface| rock
structure n the the surface subsurface activit interactions
atmosphere ocean y
H.¥, NacCl,
K®),
HMOC®),
N-bearing”,
Differentiated. | , 02 O-bearing”,
Rocky core in c&(zf H-0®), CO®, | aromatic¥’,
Enceladus | contact  with @ 1 NHz®, light | Si0.®), Cryovolcanisn® | Hight01
the subsurface & organic COY,
ocear organic COo9,
NHz@, No@,
CH4®,
HoS¥,
404 (@)
(1)(Gleinet al, 2020) (2)(Daltonet al, 2010} (3)(Brownet al, 200®); (4)(Waiteet al, 2017) (5)(Postberget al,
2011) (6)(Postberget al, 2018) (7)(Khawajaet al, 2019) (8)(Hsuet al., 2015) (9)(Porcoet al,, 2006)
(10 (Vanceet al, 2007)

Traces of CQand NH were also detected near the surfé@ewn et al, 2006)
Enceladus also shows many surface cracks and ridges, especially in the south pole, and

four of them are informally referred to as tiger strifégrcoet al, 2006) It is from these

subparall el cracks t hat | ar ge pl umes wer e

Magnetometer (MAG) andltraviolet Imaging SpectrogragyVIS). The plumes found

by Cassini were ejecting icy particles, vapor, and organics from the south pole into space
(e.g. Porceetal,2006) A satellite of Enceladusd si ze
completely freeze shortly after accretion/differentiation, but cryovolcanic episodes
suggest a strong and continuous source of heat. Tidalofriés likely the biggest

contributor to the internal heat engine of Encelg@ii®bletet al, 2017; Hemingwat

al., 2019)
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Given the low gravitgonal pull of this small moon, the plume emissions to the thin
atmosphere of Enceladus effectively escape to space, ultimately migrating towards
Saturn. I ndeed, Enceladus is one of-five m
ring (Postberget al, 2009) The lon and Neutral Mass Spectrometer (INMS) and the
Cosmic Dust Analyzer (CDAyvere two instruments onboard Cassini used to analyze
these particles. The plumes eject material both in the gas phase (e.g., water vapor) and
solid phase (e.g., ice graing)part from the dominance of 2@, measurements of the
plume particles by the INM#dicated the presence of GHN2, CO,“°Ar, and organic
compounds ranging from 8, to GHs (Table 1.2). Also, CQ, Hz, and NH were
detected; notably, the observatiohNH3 was yet another indicator of subsurface liquid
water (Waite et al, 2017, and references thereifjhe CDA data allowed for
compositional profiling of the solid materials emitted from the plume with an approach
of 21 km. Particle stratification occurs because the grain ejection velleatgases with
size. There were three distinct classes of ice particles (typeuhdllll) ejected from the
plume and present in therihg (Postberget al, 2009) Type Il grains are thought to be
frozen ocean spray since they are rich in potassium and sodium salts, namely NacCl
(Postberget al, 2011) Such type Il grens are some of the best indicators of an interior
ocean, and rock/water interactions, since the ice shell is expected to be alrffost salt
Bubbles of a volatile gas (COCHs, or Hy) are thought to reach the water and burst,
generating these saith grains. Because they are big, type Il grains are challenged to
escape from Encel adusd gravity, t hus, Cryo\
Nabearing plume particle@ostberget al, 2009) The observed Na concentrations in
plumederived materials, as sampled by the Cassini CDA, imply an overall salinity of 3
8 gkg, and based on the @rsed abundance of G@ plumederived gas the estimated

pH is 8.59 or 8.511 (Postberget al, 2009; Hswet al, 2015; Gleiret al, 2020)
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The presence of salich grains in the plume andiiihg supports the concept of a
hot interior in the south pole of EeladugChobletet al., 2017) Connected to this finding
is the observation of N in the plumehich allows inferring interior temperatures from
500 to 800 K through processes of thermal decomposition ef Niése are exceptional
conditions for the formation of complex organic moleciiMatsonet al, 2007) Indeed,
Cassini has detected organic material both in the vapor phase and solid ice grains
(Postberget al, 2018, and references therei®onsequently, type Il grains are described
as saMpoor ice particles, often associated with organic molecules, indicative of
water/rock interaction on the seafloor and contemporary geochemical processing.

The first organics discovered were low mass molecules (e.g., <50 atomic mass
units, or amu), and recently it has been unraveled the presence of High Mass Organic
Cations (HMOC) with masses above 200 gfastberget al, 2018) It is suggested in
the same study that these molecules derive from larger parent macromolemgesh&
low salt content associated with these organic compounds, these particles were likely not
generated directly from ocean spray. Rather, the more plausible possibility is that these
molecules were in a solid phase when they are incorporatethatype Il grains. The
existence of an organic film on top of the seafloor is a favorite hypothesis. In such a
scenario, gas bubbles burst disturbing the organic film and producing aerosol organic
material; the organics become coated by water ice and raggththe ventfPostberget
al., 2018) Through analoge experimentsKhawajaet al. (2019) described a spectral
differentiation between the low mass organic materials of type Il grains, separating N
bearing, Gbearing, and aromatic compounds. By comparison with INMS results, low
mass amines [particularly (di)methylaminelfor ethylamine] and carbonyls (with acetic
acid and/or acetaldehyde most suitable) were considered the best candidates for the N

and Obearing compounds, respectivéKkhawajaet al, 2019)
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It is also important to mention type | graiwhich are the smallest of the types
and almost purely water ice graiff®ostberget al, 2009) In 2015, the INMS was able to
detect and quantify Hn the Cassini E21 flyby and hydrothermal processes are likely its
source, as similar processes occur on HaMaiteet al, 2017) Although the ice shell is
very robust, the radiolysis of water ice by the magnetosphere of Satunotproduce
enough H Through hydrothermal processes, high yields efcbluld be produced by
pyrolysis of accreted CHON, or by aqueous oxafabf reduced minerale(g.,Mg-Si-
FeS-O-H system). Hydrothermal processes would be possible in Enceladus from the
creation of fracture pathways and heat generation driven by, for instance, tidal
dissipations. The high production ok lnd its implicaton for hydrothermal processes
could suggest the necessary geochemical conditions for the existence of methanogenesis
in the ocean of Encelad@#/aite et al, 2017) Thus, the detection ofzdligns with the
previous detection of CHrepresenting strong evidence of water/rock interactions and
serpentinization reactions, a hydrogeoducing geochemical process.hgdrothermal
scenario would also align with the possible generationdfyNdecomposition of Nkj
which would also indicate high temperatures inside Enceladus, at least in the south pole
(Matsonet al,, 2007)

The presence of nanometgred SiQ particles in the plume detected by CDA is
also a strong indicator ofngoing hydrothermal activity at the level of the seafloor
occurring at high temperatur@ldsuet al, 2015) A homogenous Ktky core model fails
to support the origin of bothaénd SiQ. Thus, Gleiret al.(2018) suggested that a mullti
rock model for the core could reconcile the detectedrd SiQ in the plumes. In this
scenario, ferroubearing serpentinized rocks in contadth hydrothermal fluids would
produce the b and quartzbearing carbonates would produce Si. The presence o£ihCO

the ocean of Enceladus also fits in the heterogenous rocky core model. Carbonated rocks
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do not favor the production of2Hbut support tB production of Sie(Glein et al, 2020),
implicating that carbonation is limited in the rocky core of Enceladus.

Complex systems, such as those found on Encel@@igaire 1.1), reflect a
geologically active world comparable to Earth, where geochemical gradients are essential
to sustain lifg(Glein et al, 2018) The Cassini mission was remarkable, allowing a deep
understanding of the Saturnian icy moons, providing strong evidenggeochemical
reactions at the seafloor, and suggesting that hydrothermal environments are highly
analogous to the ones we have on E@vthtsonet al, 2007) However, direct analysis
of life precursors will require more sensitive mass spectrometry extending out to higher
molecular weights, along with other organanalysis techniques such as gas

chromatography.
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Figure 1.1 - Model of the geochemistry of the subsurface of Enceladus considering a heterogeneous core
(Glein and Waite, 2020). It takes into consideratioa themical signatures of the plumes detected by
Cassini 6s | NM&ala2018; Kiawapet &, B0 Postbergt al.,2009, 2011, 2018; Waite

et al, 2017). This illustration also includes the models for pH and salinity. For pHmathls (Postberg

et al, 2018 model of pH 8i®; and Hstet al, 2015 model of pH 8i8.0.5) are being considered. However

only the extremes are illustrated (Hsual, 2015; Postbergt al, 2009). For salinitywe used the salt
concentration calculatdzy Postbergt al.(2011). This illustration is not to scalkrom Coelheet al, 2021,

in Encyclopedia of Geologgnd Edition, Elsevier.
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.4.1 Habitability conditions of Enceladusi A cryovolcanic moon

Enceladus is one of the smallest moons orbiting aroutuar§& his moon is the most
reflective bodyin the solar system due to the presence of crystalline water ice on the
surface, becoming colder than expectBdown et al, 2006) Enceladuss one ofthe
moors with the most direct proof of present cryovolcanic activitynages captured by
the Cassin{Porcoet al, 2006) Enceladu$ad its plumes detected in the early 2000s, an
unexpected event that changed the plans of the Cassini mission. It was not expected for
such a small body to be able tastain a global ocean, but tidal heating and possible
hydrothermal activity(Figure 1.1) make the oceans of Enceladus a potential reductive
environment, and likely one of the most habitahl&aiteet al, 2017)

Due to the endogenic source of the eruptions, which were proved by the discovery of
a high heated source in the south pole, these plumes represent a direct window to the
subsurface oceafiHsu et al, 2015) The proximity to Saturn allows for the material of
the plumes that escape the thin atmosplodé Enceladus to be captured by the rings of
Saturn(Postberget al, 2009) If the ocearharborslife, fragments of it may be orbiting
around Saturn for a long time, along with the salt grains that were already found by
Cassini, making the E ring of Saturn an intereggtiarget for future sampling missions
(Judge, 2017)

Cassini was also able to sample the plume itself, however, due to the velocity of the
material along with the velocity of the spacecraft, Cassini mostly detected organic
fragments(Khawajaet al, 2019) The plumes a concentrated in the south pole in
structures i nfor mal(Brown et al,] 20@6d whiéht aregrecent st r i p €
geological formations rich in ice grain depositions and thus crystallized water ice. From
the CHNOPSTable I.2) detected, carbon dioxide is the component, besides water, most

firmly confirmed (Brown et al, 2006; Waiteet al, 2006; Matsoret al, 2007) but
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moleculessuchas light organics, hydrogen paide, methanol, ammonia hydrate, salts
and tholins are also inferred in previous analysis on data from the observations of
Cassi ni erd(Nesvopanet @lm2007; Hodysset al, 2009; Waiteet al, 2009;
Hendrix et al, 2010; Postber@t al, 2018) The origin of these molecules could be
endogenic or due to radiolygidewmanret al, 2007)as the hydrogn peroxide also found
on Europads sur f(aremboetas 20d9a)ggest ed t o be
The Cassini mission expanded our catalogues of potentially habitable bodies,
unraveling moe than what was designed to. We now have more information about the
habitability conditions of Enceladus than the notable Europa since the Galileo mission to

the Jovian system preceded Cassini.

[.5 Icy worlds outside the solar system

The planets outside osplar system are called exoplanatsl more thas000 are

currently known(https://exoplanets.nasa.gow’ March 2022) a remarkable quantity

considering the first exoplarstvereonly discoveredess thar30 years aggMayor et

al., 1995) The deinitionsfori h a b i t a b | erm@ noeconopprabke to ¢he discussion
of habitability in the solar systent.is not possible yet to know if there is liquid water,
CHNOPS or what energy sources Eatike exoplanets might havisteadthe concept
ofiHabi t abl e Zqgandanly éfevizdozen khown exepthnets make the cut
(e.g.,Kaltenegger, 202).

A planet is in the habitable zone of its star if, in theory, could sustain liquid water
at its surface, if water is present. The calcutetito model HZ planets use the amount of
energy these worlds receive from their star to predict their temperd@twevariables
include the type of starthe size of the planeand how distanit is from the star

(Kopparaptet al, 2013, 2014)The extension of the HZ can be more optimistic or more
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conservative. The optimistic HZ considers the lower limits of habitability in planetary
systemsas the regions that receive the same amount of energy Mars is predicted to have
received 3.8 Gyrago@o known asEMeprl gntMamns the wuppet
energy Venus has received 1 -G¥oKopmpapu( al so Kk
et al, 2013) This model starts on the premibat Mars and Venus also sustained liquid
oceans once in the abemeentioned periods. In the more conservative models of the HZ
the greenhouse effeopparapiet al, 2014; Ramireet al, 2018)is also considered a
factorcapable of dryingpceans.

While searching for extreerrestrial life in the solar system is restricted to microbial
signatures, on exoplanets we can look for evolved life and @viizations. However,
the knowledge about exoplanetsompositionis limited to their atmospheric chemical
signatures. The reason for thighe limitedobservation capacity of current telescopes to
only exoplanets in transit,by thedesignatedranst spectroscopy, which does not allow
for surface chemical characterizati@arstowet al, 2015) Atmospheric biosignatures
include pairs like @and CH, or O; and CH (Lederberg, 1965; Lovelock, 1963 1993,
whenCarl Sagarmpublished the results oheGalileofly -by of Earth(Sagaret al, 1993)
he fourd these signatures are combined witidlely distributed surfacpigmens with a
sharp reflection edge in the red part of the spetti@ther studies have developed the
concept of colors of life and addpigments to the list of biosignatures to searchirfor
exoplanetySeagert al, 2005; Hegdeet al, 2015; Schwietermaet al, 2015; Fujiiet
al., 2018; -Jameadall 2018)y

The reflectance spectra of vegetation pigments were the first to be studied, having
a characteristic feature at 700 iira feature widely named Vegetation Red Edge (VRE).
However, not only plant life is responsible for coloring Earth. Microbial photosgisthe

is abundant on Eartf O 6 MaJanhesey al, 2018) as well as noiphotosynthetic
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organismsand bothcan produce colorful pigments with gfec spectral feature@Hegde
et al, 2015) These pigments are tools foiomass production angrotection against
several different conditions such as cald/ness, radiation or even lack of resources.

The surface of exoplanets on the limits of the HZ may be cold, dry, and if around
certain statypes such aM stars - the coolest and most abundant type of starsay
also be heavily UV irradiated environments, due to magnetic phendi@eizeret al,

2013) making biopigments into very relevant biosignatures to search for in these worlds.

[.6 Future missions to the icyworlds in the solar system and beyond

Water/rock interactions on the seafloor of ocean worlds are likely major
contributors to their ocean compiian, and by extension influential factors for
habitability potential. Missions such as Cassiniygens and Galileo may already have
presented us with preliminary evidence of the geochemical evolutiactive ocean
worlds with the detection of NAIso,the ubiquitous presence of g@requent detection
of CHs andthefinding of Hxin Enceladus plumes are key factors for the implication of
hydrothermal activity at the level of the seafloor. However, pertinent questions regarding
the geochemistry of oceavorlds remairunanswered: i) What is the complexity of the
molecules dissolved in the interior oceansf;Are there geological features that are
produced by processes involving the dissolution or precipitation of sailiglé®w thick
is the ice shé?P; And finally, iv) arethere detectable biosignatures?.the next decades,
some, if not all, of theabove questions will hopefully be answered ioysitu

investigations
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[.6.1 Future Missions to the Galilean moons

JUpiter ICy moons Explorer (JUICE) from ES#Il jumpstart this new era of l#e
detection missions to the Jovian icy moon2023 (Grassett al, 2013) and the Europa
Clipper from NASA(Howell et al, 2020)will follow in 2024(Figure 1.2). Thespacecraft
JUICE will orbit Earth, more specifically three times between 2023 and 2026, creating
opportunities to get relevant imaging information of life on our planet that can be used as
a control for searching for lifat a distance, as previously repeat by Carl Sagan with
the predecessor Galileo spaceci@aganet al, 1993) Europa Clipper will follow,
focusing more on Europa, as both missions were designed in a complementary approach
(Phillips et al, 2014) Due to he great necessity of identifying and characterizing
potential endogenous material emerging from the ocean, these missions have as a priority
to describe the surface chemistry of these moons as well as look for signatures of life.

Since we will end this dmde with much more information on the habitability of
the Jovian moons given by these massive orbiters, the concept of the Europa Lander
mission has been moving rapidly in the last couple of ygdasdet al, 2021, 2022)
Instrumentation pr@rojectsfor the in-situ exploration on the surface of Europa have
been presented publicly since 2019, including ELSSHbropa Lander Stere®pectral
Imaging Experiment (ELSSIEMurchieet al, 2020) Since 2020, open virtual meetings
call ed AEuropa / Ocean Worlds Landdéwe Virtua
of these meetings is to bring the scientific community together to speed up the process so
the Europa Lander mission can be confirmed in time to occur soon after Europa Clipper,
with a much more expressed purpose to detect life.

A Joint Europa Missio (JEM) has been proposed based on a possible future
collaboration between ESA and NASA. This new mission concept aims to follow Europa

Lander with a science payload for both an orbiter and a soft lander. The main objectives
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of JEM are to understand andachcterize the habitability of its potential biosphere and

ultimately search for lif¢Blancet al, 2020)
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Figure 1.2 - lllustrated diagram oBomeexploratory missiongo the icy moons of our solar system.

Launched missions (green) represent past missions to the outer solar system (and beyond, as of Voyager |

and Il) that reached the targeted icy moons. Approved missions (orange) represent missions to the icy

moons that hae been confirmed and will be launched before 2030. Mission concepts (blue) represent

proposals for future missions to the outer solar system whiltyhanoons as the study target. Only icy

moons with habitability potential were selected for this ilgbn. Icy moons were herein grouped by

planetary systems (Jupiter, Satuand Neptune). Nogovernmental space missions are represented with

t he symbol APrivateo. The symbolinthiepresent yegrk28s ent s mi s
This illustration is not to scal&rom Coelheet al, 2022 under revievin Habitable Worlds and Sustainable

Life on Earth and Beyon&pringer

[.6.2 Missions to Enceladus

Missions such as Enceladus Life Finder (ElM#ich intended to analyze the plumes
to search for habitability and would include higdsolution mass spectrometers, and the

return mission Life Investigation For Enceladus (LIFE) have been progesggae |.2)
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but so far remain only concep{§sou et al, 2012; Rehet al, 2016) Yet, questions
regarding the possible existence of geochemical gradients on the subsurface, and how
accurately plume composition can informs about ocean chemistry, remain
unconstrainedGlein et al, 2018)

New lander missions have been propose@xplore Enceladu&€nceladusExplorer
(ENEX) andEnceladus OrbilandgEliseevet al, 2014; MacKenzieet al, 2021) an
European and SA effort. Also, smaller missions only aiming to sample the active plumes
in the south ple of Enceladus have been proposed, sudbnasladus Life Signatures
and Habitability (ELSAH) The most recent NASA Decadal Survey for Planetary
Science, released in April 2022, highlighted a mission to Enceladutpgriority for

the next decadéNASA, 2022)

.6.3 Missions beyond the solar system

The James Webb Telescope has been launched at the end of 2021, holding promise
in escalating drastically our knowledge of exoplanets chemigtry., MikaltEvans,
2021) at least in their atmospher@fie Atmospheric Remotsensing Infrared Exoplanet
Largesurvey ARIEL) missionfrom ESA is being developed observenanytransiting
planets for statistical understanding, including Eaitle planets and study their
atmospheres. It is set to launcl2DR9(Tinetti et al, 2018) However, future large space
based telescope concepts such as the Habitable Exoplanet Observatory (HabEX)
(Mennessoret al, 2016)and the Large UV/Optical/IR Surveyor (LUVOIRINASA,
20199ar e within NASA6s milestones for the
possiblity of doing more than transgipectroscopy and being able to also Idokctly at
surfaces, where signs of habitability, such as liquid water, or even signs of life, such as

biopigments may be waiting to be discovered.
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To increase the success of atésk missions that will mark the next decades as a new
era of spcial exploration, extensive work needs to be done on Earth. Otherwise,

invaluable signs of life may be unnoticed, or false positives may become a real menace.

I.7 The Arctic water bodiesasa planetary field analogue toicy

worlds

A planetary field analogue is a location on Edhtat mimics a characteristic, or
multiple characteristics, of an exdrarrestrial environmenMartinset al, 2017) These
characteristics can be physical, geologiaaklor chemical.

The Arctic Ocears asmall ocean with an ice shéiflat s presentll year, covering
almost completely the entire ocean in winter, influencing the access to light, the salinity
gradient, and the communities of organiAMAP, 1998; Macdonald, 2000; Comeau
et al, 2011) Sea ice isa habitatfor several forms of unicellular liféChristneret al.,

2000; Price, 2007; Bowmaat al, 2012; Martiret al, 2017; Yergeaet al, 2017; Pascoal

et al, 2021) As a habitat, sea icean be challengingpresenting its native biota with a
highly irradiatedreflective dry, and shallow environmerit has been reported that polar
pigmentproducing microorganisms are better equipped to survive at the surface of ice
due to theiresistance to dryness, lack of resouyrees photooxidaion (Bonilla et al,
2009; Lutzet al, 2016; Vigneronet al, 2018; Seelet al, 2020) Their growth will
increase the temperature in the ice and snow, decreashadpésto (Maccarioet al,
2015) and thus shielding theest of the communityArctic sea ice is not an exception,
and its colors are a phenomenon that can be seen from (§pdzet al, 2014, 2016;
Williamsonet al,, 2020) Icy exoplanets orbiting on the edge of the habitable zone of their
star may also reflect different colors as a product of potentialliey Bfe, which may

also be detectable from space.
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The ArcticOceanis structurally analogue to the briglobaloceans of Europa and

EnceladugKivelsonet al, 2000; Postbergt al., 2009)given theice shell covering the
water.In the icy moons, the ice shell is always shielding the ocean, although the internal
water masses are unlikely closed systems with no commutation with the {Rdasell
et al, 2017) One of the biggest questions regarding the ice shell of Europa and Enceladus
relates to its thickness. Some models will approximate the ice length on hundreds of
kilometerswhile otherspredid just a few metergillings et al, 2005) It is also possible
that both models are correafydthatthickness varies witlocation. In factthe presence
of subsurface liquid water lenses perched within the ice shietith moons, closer the
surfaceunder Europads chaos terrain and Encel ¢
(Schmidt et al, 2011) and predictedWalker et al, 2015; Culberget al, 2022)
respectively. These perched water bodies may communicate with the interior ocean
through cyovolcanic or tectonic even(Soderlundet al, 2020)

Thelack of knowledge about thiee cover thicknessf the icy moonss one of the
limits astrobiologistsface when aiming o r epl i cate the 1 cy moor
conditions on Earth. Neverthslg there is one condition we can all be certain of existing
in these extraerrestrial marine environmentthe Arctic is a remarkable source of

water/ice interactions and transitions.

l.7.1 Water/lce dynamicsand the case of Hudson Bay

Theice/watelinterface is aegionof interest fothehabitabilityof icy moonsbecause
it marks redox (reduced ocewersusoxidized surfaceandenergetidransitionsin fact,
the freezeout and wateice interactions are thought to contribute to the formatidhef
highly active Chaos terrains of Eurogf&chmidtet al, 2011) On Earth, ice/water

transition zones are knownto expel chemicals when the water freezeghich will
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accumulag in the interface waterand seedfuture microbial bloomsand other
communities key to the trophic chain of the hydrosphergdsphere(Gosselinet al,
1985)

Arctic aquatic systembave an interface water/ice dynamics wdriablesalinity
concentration(Roff et al, 1986; AMAP, 1998; Macdonald, 2000; kt al, 2007)
replicating the internal briny oceans of Europa and Encel@aeseuet al, 2017;
Trumboet al, 2019b; Loboet al, 2021) as well as in the perched freshwater bodies
closer to the surfacéSchmidtet al, 2011) The several water bodies composing the
Arctic Ocean form singular marirseibsystems surrounded by land and freshwater inputs
(AMAP, 1998; Macdonald, 2000Hudson Bay is one of these wateasses.

The severe winters of Hudson Bagubarctic regions will have more daylight hours
than the umorth regiongRoff et al, 1986; Ingramet al, 1987; AMAP, 1998)Light, as
elsewhere in the cold regions, isrdtical factor in the growth regulation of the water and
ice microbiomes at the bay. Microbes thriving in the underlying water of sea ice are
supposed to be more adapted to lower light intensities in comparison with the ice
microbes(Gosselinet al, 1985) Ice and underlying water communicate creating a
nutrition channel in between. Desalination and bacterial activity are examples of nutrient
replenishment occurring in this junction. Thus, the biota from the ice/water teetfee
salinity gradient, temperature, and light are likely the key environmental factors that
control nutrient cycling in the Hudson Bay making it a highly dynamic cold

environment.

|.7.2 Hudson Bayi a planetary field analogue to Europa and Enceladus

Hudsa Bay is covered with an ice shell of mostly fiyetar ice for most of the year,
with periods of coverage decreasing in locations closer to(Rigdre 1.3). In winter,

the water temperatunmay vary from 0 to-2°C, which iswithin the interval of the
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interface water temperature of b&bropa and Encelad¢s3.98 and 0°CjMeloshet al,
2004; Gleiret al, 2015) The salinity of the interface water will be closer to 0% near the
coast due to the influence of rivers surroundingddng while closer to the center and in
deepness will be closer to 3%, being within thef& (by mass) interval of Enceladus
(Postberget al, 2009; Hswet al, 2015)and close to the 3% limit (by mass) predicted to

Europa(Handet al, 2007)

Figure 1.37 Hudson Ba$ soast in wintelis completely icecovered.The imagewastaken in February
2019 by Ligia F. Coelhat the shore of th&/hapmagoostuKuujjuarapik communities

The ice/water transition of Hudson Bay is analogue, physically, and chemically (see
definitions inMartinset al, 2017) tothe ice/watemterface environment found in Europa

and Enceladysn the oceanrad the water bodies perched in ice.
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I.7.3 Applications to future missions to the icy moons of studies on locatiomns the

Ar ctic biome

The space applications of studiespalar iceinclude the fields of astrobiology
(GarciaLopez et al, 2017; Matin et al, 2017; Martinset al, 2017) and planetary
protection(Onofri et al, 2008; Kminelket al, 2019)

First, thecryosphere is of great interest to astrobiology cansid both fields of
research regarding the origin of life and the search for -¢atrastrial life. Theories on
the cold origin of life speculate that, in early times, the Earth could have been covered in
snowii nformally call ed Asnowbal(Pricc2007)ichk 0, wher
extraterrestrial environments, in the solar system and beyond, may combine some
conditions similar to those of sg§andtackOs cr y:«
of resources. As referred to before, the ice microbiome survives and sometimes thrives
under these conditions on Earth. Some of these microorganisms produce molecules with
specific chemical signals (biosignatures) which may be detectabletioyegpipment
onboard space vehicles orbiting or landing on worlds in our solar system, or equipment
attached to large telescopes, terrestiaded or spaedeased, that search for life on
exoplanets and exomoons. One type of molecule produced by iceorgangsms for,
among others, seffreservation from inhospitable conditions is biopigméin¢snoineet
al., 2010; Sel et al, 2020) These molecules are key biosignatures to search for in the
solar system and beyond due to 1) being universal in the evolution of the tree or net of
life, 2) being related with, among other functions, resistance to conditions foastian
terrestrialicy environments, and 3) having specific optical identities and distinguishing
spectroscopic properties, when considering absorbance, fluorescence emittance and

reflectancgBaquéet al, 2016, 202Q)
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Second, [anetary protection is the field of study tla@ns to protecsolar system

environments from contamination, either forward (from Earth to other worlds) or reverse
(from other planets back to Eartfhe Committee of Space Research (COSPAR) and
ESA6s Pl anetary Protecti on (Kmirfeketat, 2015, ocus oft
2019; Rettbergt al, 2019)ESAG6s main effort is to prevent
on missions to other planets and moons in our solar system, investing in curaliieesfac
and microbial monitoring of cleanrooms and launch facilii@sinek et al, 2019) The
environnent of each icy moon (e.g., Europa, Enceladus, Ganymede, and Callisto) is very
different from oneanother, requiring different decontamination plannidASA
Response to Planetary Protection Independent Review Board Recommendations (2019)
advised the studgf mechanisms of contamination individually for each of these worlds
(NASA, 2020) Indeed, o polar planetary field analogues, we can sample diverse model
habitats The cryosphereextremophiles & also relevant tgplanetary protectign
including species resistant to cold, acid, alkaline, irradiated (UV or gamma radiation),
anddry or shallow environmeni@minek et al, 2019) The project LIFE onboard the
International Space Statiordetermined the effect of the space environment on
extremophilicpolarstramThese strains were subjected to
variations from-20°C to 20°C, Mars atm. 600 Pa and monochromatic (254 nm, 71.4
e W/ € and polychromatic (2G@00 nm) UV irradiation(Onofri et al, 2008) The
results revded thatthe most resistanstrains to space radiatiggroducedbiopigmens
(Onofri et al, 2018)

But lessons from Arctic ice studies are not limited to what we learn from their
outputs.While drilling and sampling ice in previous Arctic and Antarctic campaigns,
great sources of contaminatioeredetected in the exterior layers of the ice cores coming

from handling during sampling and during the posterior proce¢Bogerset al, 2004;
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Christneret al, 2005) Sampling in future lander missions to Europa and Enceladus, such
as Europa Landemd Enceladus Orbilander, willso need to drill and remove ice to
reach the underneath ocearhere isa critical lack of standardized processing and
decontamination protocofer planetary field analoguespecific to the planets and/or
satellites in stug (Table IX.1). Thus, clean protocols sampleandexamineArctic ice
serve astestbed for future seardbr-life space missions while improving thieldwork

practices in glacial environments that face the same concerns.

1.8 Aim of the study and thesisoutline

Future missions to the icy worlds will have many forms, either distant observation
from large telescopes, space vehicles orbiting around moons\doy yearswhile
sampling their active plumesander vehicles equipped to reach the interior ocean, or
even, more futuristically, return payloads. Although so differathithave one thing in
common: they will need a gr e d&abitata tooba nt of
successful.

The first challenge, especially for missions in the solar system, will be planetary
protection. Thereal risk of forward contamination is still unconstrainadd soESA
decided to euthanizbe JUICE vehiclan Ganymede (kesshabitablecy moon)(Grasset
et al, 2013) similarly to CassirHuygens, which was pushed into Saturn, in April 2017,
after 20 years of exploratiqi&dgingtonet al, 2016) However, this will not be a solution
for lander or return missions. Asalution, the study aflean protocols for ice sampling,
processing, and analysis in planetary field analogues is useful for future missions to the
icy moons a well as forpolar scierne in general, since polar biomase also protected,

and sometimes pristine environmettkgtallowus t o vi sit Earthdés pas
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The second challenge, now for all mission types, is the unfamiliarity the scientific
community still has about the microbial structaed chemical signaturesf some
pl anetary field analogues as is the case fo
field analogues are usually remote locatidimast require a lot of logistic capacity and
preparationbut also the statef-art techniques for cultivationthestandard for microbial
identification- are still very limited with the current estimation of only roughly 1% of all
microorganisms being culturabl®ne of many solutions is the use of high throughput
sequencing techniques that allow for the mass ideatifin of whole communitie®NA
amplification is powerful in magnifying low-biomass habitatsuch as ice and thus
coupled with sequencing techniques it is possiblecharacterizeice microbial
communities.

The third and last challenge is tlshortageof comprehensive catalogues of
referencedor biosignatures that could be easily used as a tool to guide the search for
extraterrestrial life. Humanity is spending many resources on massive missions to
explore the universe, which involves several differpace agencies, yet it is still risking
missing signals oéxtraterrestriallife. The current databases that include some optical
references for biosignatures are limited in terms of quantity and do not refer to any
specific habitat, but specific organisnmstead(Taniguchiet al, 2021) The scientific
community has a better chance of finding biosignatures linkednbiguously taypes
of extraterrestrialenvironments(e.g.,ice versushot environmentsthan to attempt to
find the signals oparticularlife-forms even ifextraterrestriallife evolved similarly to
E ar t h.dhe sdluiioh is the creation of a referentzdabasef biosignature spectra
connected with a specific environmentce in this case since all missions above
mentioned in this section will use spectrosctpybserve and interact with codctra

terrestrialsurfaces
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In this thesisa multidisciginary and integrative study of ice and water samples
from Hudson Bayods coast (a planetary field
of the mainnoveliesis the connection betweetl approachegchemistry, biology, and
physics)in the same sampléde lead to robust dataset3he present document is thus

organized ito five chapters:

Chapter | is a comprehensive literature review focusedh® characterization of icy
worlds and planetary field analogues of icy worlds. The applications to the grepar
execution, and success of future space missions to icy wavdtigghlightedalong with

proposed solutions for some of the presiat challenges tepaceventures

Chapter Il presents a new methodology to processex@nineice cores from planeta
field analogues to the icy moons. It also includes an approach to nragiteicrobial
contamination antheidentification of such contaminants.highlightsthe relevance of

such new protocols to future missions to the icy moons of Jupiter and.Saturn

Chapter Il introduces the first characterization of the prokaryotic community structures

inthei ce and i ce/ water i nt eintératoceseals shargshiftss on Ba
in prokaryotic community composition between sea ice intetface waterWhile the

sea ice community appears richer in marine bacteria, therelasyer dispersal of

freshwater bacteria in the interface water underneath it, because of the extension of the

river inputsto Hudson Bay in late winteit also show thatpigmented bacteriare more

prevalemin sea icdghan in the water underneath.

Chapter IV is the spectroscopic characterizatiorflobrescent organic molecul&®m
Hudson Bayb6s ice and wat e biomelaculgslae ucial | t di s

biosignaturesnd how their study effectivelynravelsrends inHudsonBa$ s ec ol ogy
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Chapter V combines the knowledge from chapters I, dimd IV inafinal research work

with direct application in future missions to searchlfi@rin icy worlds.It deliversthe

first reference guide for the searfdn pigmented life in icyworlds It comprises the study

of the spectral signatures of 80 pigmented strains from the ice microbiome of Hudson
Bay. It includes two sets of measuremeasterencing exoplanets with different levels of

available liquid water
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I CONTAMINATION ANALYSIS OF

ARCTIC ICE SAMPLES AS

PLANETARY FIELD ANALOGUES

OF ICY MOONS AND

IMPLICATIONS FOR FUTURE

LIFE -DETECTION MISSIONS

Publication:

Coelho, LF.; Blais, MA.; Matveev, A.; KellerCosta, T.; Vincent, W.F.; Costa, R;
Marting Z.; Canario, J.(2022). iContamination analysis of Arctic ice samples as
planetary fieldanaloguesand implications for future lifeletection missionto Europa

and Enceladus Scientific ReportsUnder review.
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.1 Summary

Missions to detecextraterrestrial life are being designed to visit Europa and
Enceladus in the next decades. The contact between the mission payload and the habitable
subsurface of these satellites involves significant risk of forward microbial
contamination. The standardization of pratiscto decontaminate ice caefrom
planetary fieldanalogue®f icy moons, and monitor the contamination in downstream
analysis, has a direct applicatifmm developingcleanapproaches crucial tde detection
missions in these satellites. Heredeyebped a comprehensive protocol that can be used
to monitor and minimizethe microbiological contamination ofArctic ice coresin
processing and downstream analysis. We used mechanical techniques to minimize
bioburden from sampling in the exterior layersoefcores, constructed artificial controls
and applied culturdependent and cultuierdependent techniques, including 16S rRNA
amplicon sequencing, to monitor contamination.itdmtified 13bacterialcontaminants,
including a radioresistant speciesThis protocol decreases the contamination risk,
provides quantitativand qualitative information about contamination agents, and allows
validationof theresults obtainedThis studyhighlights the importance of decreasing and
evaluatingmicrobiological coramination in the processing of polar ice cores, including

in their use aanalogue®f Europa and Enceladu

[1.2 Introduction

Europa and Enceladus are two icy moons from our solar system identified as ocean
worlds due to the presence of a liquid ocean utider icy surfacgKivelsonet al, 2000;
Postberget al, 2009) Europa has also secondary liquid water reservoirs, perched in the
ice and closer to the active surfg@chmidtet al, 2011) The water bodies present in

these satellites are considered habitabldrenments(Chapter ] sectionl). Several
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concepts for future lander missions to these md@ave beerdevelopede.g, Europa
Lander, Enceladus Orbilandeand Joint Europa Mission (JEMBlanc et al, 2020;
MacKenzieet al, 2021; Hancet al, 2022) These missions will need to drill and sample
a layer of ice (exact extension still undetered) to eventually reach interface water.
COSPARrecommends thahe study ofmethods of bioburden reductidar these
missionsshould reflect the type of environments found on Europa or Enceladus, focusing
on Earthorganismsmost likely to survive othese moonssuch as cold and radiation
tolerant organisméKminek et al, 2017, 2019; Rettberet al, 2019) Environments on
Earth that exhibisimilar extremeonditions as planets and moons in salar systemare
called planetary field analogu@glarlow et al, 2008, 2011; Martinst al, 2017) Both
the Arctic and Antarctic offer locations that mimic environments present in the icy moons
of Jupiter and Saturr{(Martins et al, 2017. These locations are populated by
extremophiles organismsadapted tasurvive thesesevereconditionssuch as extreme
temperatue and pHdryness,oxidation, UV radiation, high pressur@ndhigh salinity
(Rothschildet al, 2001; Merinoet al, 2019) Microbesfrom these habitats are viable
despite hundredsto thousands of years in terrestrial glaciensd cryo-permafrost
environmentg{Mackelpranget al, 2017; Liuet al, 2019) increasing thelausibility of
finding putative life forms irsimilar habitaton those satellited?olar extremophiles are
also known to survive sterilization procedures for planetary prote@i@awford, 2005)
and under space conditions onboard the International Space StatiofJe8) et al,
2008)
The challenges of sampling, processing, and analyzing Arctic and Antarctic ice
samples are the closest to those of futureddtection missions in these sateflite
(Christneret al,, 2005; Eigenbrodet al, 2009) The constraints include difficulties in

sampling, analysis of low biomass samples, and the need to minimize and monitor
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potential source4SCAR, 2017)of contamination from mesophilic environments on
Earth, where microbes are ubiquitous and in high abundance.

When studying recenérrestrialice, contaminatiois critical, andsources are mainly
due to equipment such as ice corers, handling, and transpofftgerset al, 2004;
Christneret al, 2005; Michaucet al, 2020) In the context of planetary fiemhalogues
we add more contamination sources such as snow, air, and soil esi¢hal are part of
the atmospheric and soil microbiome but are not expected to be present in icy worlds with
thin atmospheres and no regol{@guyreset al, 1983) Studies from the last 20 years of
ice core research mention the use of sterile equipment in the field while drilling the ice
cores(Table IX.1). Codes of conduct and clean protocols to sample pristine subglacial
lakes in Antarctica have also been created recé8@AR, 2017; Michaueét al, 2020)
which represents a challenging and laudable effort by the scientific community to
conserve these unique microbial ecosysteiswever, the potential sources of
contaminationare not limited to the fieldDuring manipudtions of ice cores in the
laboratory, microbial contaminants can be introduced from the laboratory air, equipment,
materials, reagents, or even by humans during downstream analysis such as filtration,
DNA extraction (the kitome), amplification, and seqcieq, or during cultivation in a
nutritive medium. These procedures will be robotized in lander spas@nshowever,
they still represent more layers of contact between-mate equipment coming from
Earth andextraterrestrialsamples. Sterilization ethods used for equipment cannot be
directly applied on ice sampléEigenbrodeet al, 2009) Controlled heat, UVC, and
chemical disinfectants such as ethanehzethonium chlorideand sodium hypochlorite
have been used directly in the exterior of ice samples being especially efficient in
reducing active contaminants in cultivation w@rogerset al, 2004; Christneet al.,

2005; Kinasz, 2019)However, they are not adequate fde detection molecular

38



methodsof low-biomass ice samplesr the integrity of other microbial anals For
example, ethanol is an effective disinfectant to decrease contamination fare-cult
dependent analysis, however, it does not destroy DNA molegciestneret al, 2005)

While excising the external layers of the wores has proved effective in removing most
contaminating cellfRogerset al, 2004; Christnert al, 2005; Zhonget al, 2018;
Kinasz, D19), without compromising the interior native biota, no known protocol can
completely prevent contamination, which leads us to the last possible resource for an
ethical sampling and processing methodology: contamination monitoring through the use
of background control§Zhonget al, 2018)that have proved to be very effectiZong

et al, 2018; Coelhet al, 2022d). Culturedependent andndependent analys{®ancer

et al, 1997; Abyzovet al, 2001; Sheridaret al, 20@; OlssonFranciset al, 2010;
Shivajiet al, 2013; Xinget al, 2016; Zhonget al, 2018; Mitchellet al, 2018; Regberg

et al, 2018; Shemt al, 2018; Sherpat al, 2018; McCubbiret al, 2019; Rettberet al,
2019)have been used in background controls and the planetary protection context. In past
studies on ice cores, cultudependent investigations appeared to instigate more care to
prevent contaminants in comparison with cukindependent techniqué¢$able IX.1).

This is likely because DNA contamination from the laboratory air or sterile material
commonly consideed insignificant due to its presumablylow representationin
comparison with the microbidbad of the wholecommunity present in thesamples,

which is now overcome by the increased sensitivity of polymerase chain reaction (PCR)
and DNA sequencing techniques. The lack of standardized methodology adopted to
decrease and monitor contaminations in ice core analysis, similar to what already exists
in sampling (SCAR, 2017; Michaucet al, 2020) remains a limiting issue for the
scientific integrity of the acquired data in icy planetary fighdloguesas well as for the

design of proven and robust protocols for the future lander and return missions to icy
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moons. As a result, the identity aneh&tion of microbial contaminants expected from ice
core analysis remain a challenge in the field of planetary protection.

In this study we propose anultidimensionalapproach to restrict and monitor the
contamination inherent in the processing and anadyme samples, combining the most
effective methods presented in the last 20 yehiseocore studieg¢Table IX.1). The
decontamination methodology for the ice coteface wasmechanicalto decrease
contaminants while preserving the natural biota. We constructed background controls
(Figure 11 .1): an artificial ice core made of sterile MiliQ water (Processing Contr@l)
and aDNA extraction control sampl@ONA-extraction Controt DC). We used both
culturedependent andindependent techniques, including 16S rRNA gene amplicon
sequencing of nmtagenomic DNA samples, accessing several levels of visible and

guantifiable microbial contamination.

A Sampling Location B Sample decontamination

Decontamination

Ice ” @

12 Filter melting water to

Remove  Cuticein Melting at Z retaln microbes aud

exterior layer  smaller room DNA extraction of the filter
Smm sections temperature N

Water No decontamination . Culture

procedure

C D Control samples
. b v
Two ice cores Three water samples from under the ice

(1 m length/ 9 cm diameter) (1.5 L each) Artificial ice core made DNA extraction of

Figure Il .1 - Sampling location on the east coast of Hudson Bay, Quebec, Céai@tdae 55.39°N;
longitude 77.61°W(Map data © Sentine?); (B) Sampling decontamination procedure and following
processing preceding cultudependent and cultuiedependent analysis(C) Description of
environmental samples with respective replicates: ice cores (duplitegel, Ice 2), and interface water
(triplicate i Water 1, Water 2, Water 3}P) Control samples: an artificial sterile ice core made in the
laboratory referred as aquessing control (PC), and a clean filter inside a clean microtube used as a control
for downstream DNA analysis referred as DNA extraction control (B@m Coelhcet al, 2022, under
review inSci. Rep

Image by Maric-Amélie Blais

of frozen MiliQ water sterile filter
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We identified the contaminating microorganisms of the present study using an
established ribosomal marker database to understand the astrobiology relevance of the
contaminantsSuch a decontaminatigrotocolwould besuitable for the design of life
detecton experiments oplanetary fieldanaloguesf Europa and Enceladusrgeting
ice cores that may serveagroxy forhabitats oextraterrestriacommunities. Also, our
protocol will serveas a testbefbr procedures of decontamination of samples ffotare

landing/return mission® the icy moons

1.3 Materials and Methods

[1.3.1 Sampling site and collection of ice and water

Sampling was performed in the southeastiofison Baya coastal point 1&m away
(latitude 55.39N; longitude 77.61W) from the Indigenous communities of
WhapmagoostdKuujjuarapik in Nunavik, northern Quebec, Canéeigure Il .1). First
year sea icéormationsare characterized by amnemeterthick shell on top of Hudson
Bayb6bs water during winter, creating-a highl
ice interface where nutriemand microbes accumulateegendreet al, 1996) A river
system (Great Whale River) is relaly closeto influencing the surface bay waters with
freshwater inputs (a typical phenomenon in Arctic aquatic syst@tey et al, 2022)
The ice andheinterface watefwater just bendh the ice)of the sampled point in Hudson
Bay are considerednalogues$o the wateiice interface environment found in Europa and
Enceladugwater bodies perched in ice) considering the low thickness of thedmst
sea ice (1 m). Also, the salinity tife interface water was 1.05% by mass, being within
the 0.54% interval of Enceladus and the interface water temperatureOWM&E which

is within the interval of the interface water temperature of both sateHRe33C and
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0°C), either pondering pereld liquid water reservoirs closer to the surface or even the
internal ocean.

Samples were collected in late winter (Felth22019) when iceapproximately im
thick, covered the bayl'he snow cover (20 cnwas removed from the sampling site. An
ice augemwas used to drill &olein the sea ice shedind thenterfacewater wadottled
right beneath the ice (1 L in triplicate) usingkammerer bottle with 2 L of volume
(Figure 11.1). Ice cores were sampled in duplicate (50 cm aguadtencompassing the
interface water sampling sjtasing aKovacsice corer withd cm of diameter and th of
length.In total, five samplesvere collected: Ic&, Ice2, Waterl, Water2, andWater3,
all from the same sit@heice cores were handled with gloves and placed inside sterile
bags. The lowest temperature registered at the weather statioWhaipmagoostui
Kuujjuarapik during samptig days was28°C, while the highest temperature reached was
-11°C at noon, with an almost constant wind flow of K&fh/h. The salinity and
temperature data weoellected orsite usingYSI EXO2 multiparameteprobe(YSI Inc.

Ohio, USA), which was placed ithe interface water after extracting the ice cores.

[1.3.2 Design and construction of background controls

[1.3.2.1 Construction of sterile artificial ice corie processing control (PC)

A sterile artifippbakssiceg cooetansiricted e d
from 1L of sterile Milli-Q water(Figure 1l .1), which was double filtered through a
Millipore system(18.2 MW.cm, 25°C)in the facilitiesof Centro deQuimica Estrutural
(CQE), Instituto Superior Técnico (Portugal). The water was doeibledautoclaved at
121°C for 30 min and irradiated for 45 min using the UV germicide lamp present inside
a class Il Microbiological Safety Cabinet (Faster-BN 2004), in the facilities of

Institute for Bioengineering and Biosciences (iBB), Instituto Supé&iéenico, Portugal.

The Milli -Q waterwas carefully transported e nt re do £t udeNsa Nor di g
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research station located in WhapmagoeKiuijjuarapik, where it wasolidified inside
a sterile zipper lpplaced in a cylinder shape containerGfi°C keforethe collection of
the environmental ice cores usedasomparison in this studylhis sterile artificial ice
core processing contrpwaslaterprocessed in parallel with the environmental iceesor
and interfacewater sampless described belawrhis backgroundcontrol allowedthe
monitoring ofcontamination from the instrumeraad proceduresed tocut and bag the

ice and filter the ice meltwater (see below)

[1.3.2.2 Design of DNAextraction control (DC)

A clean filter, deposited in a clean microtubasnalso subjected to the sato&al
community DNA {TC-DNA) extraction protocol (see below) as the environmental
samples and therocessing controto assess possible contaminationdownstream
analysis Even considering that only material with adequageilgy pre-treatment for
molecular biology and specifior DNA analysis was used (DNADNase and PCR
inhibitors free plastics and reagents as well as filtered tips), it is important to evaluate
possible contamination from the extraction materials &agjents used as well as the
general environment of the laborat@kyazarevicet al,, 2016) This blank DNA extraction

isherecalledi DNA Extr act i onFigurelh.1)r ol 06 or ADCO

1I.3.3 Sample decontamination procedure and processing

Sample decontamination and processing took place in the laboratory facilities
avail abl e at C @mues (CEN), diging sterik eecuipmidint (adtoclaved,
irradiated, and/or washed with ethanol). The external layer (5 mm) of the ice cores was
cut using an ice saw (ptesated with ethanol) and then rinsed with autoclaved, irradiated,
and doublediltered MiliQ water to reduce handling, air, and snow contamination as well

as contamination from the sampling materials in the field. The remaining inner core was
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rinsed with sterile MiliQ water and left melting at room temperature in sterile bags. Ice
meltwater fromenvironmental ice samples (1000 mL), ice meltwater from the processing
control (500 mL) and interface water samples (500 mL) were filtered through 0.22 pm
nitrocellulose filters (Millipore®, Sigm&ldrich) using a vacuum pumgigure 11 .1).
Before downstream analysis (DNA extraction, amplification, and sequencing), the filters
remained frozen and were stored&Q°C. Unfiltered ice meltwater and inteséawater

were stored in sterile bottles and maintained at 4°C until cultivation.

11.3.4 Total Community DNA extraction and guantification

TC-DNA extractions were performed on the filterdoth the environmental samples
(Icel, Ice2, Waterl, Water2, Wate@)dthe background controls (PC and Dé)iBB
in Portugal. The TEDNA extraction was carried out as described previo(lsérimi et
al., 2017; Coelheet al, 2022). The bench was previously cleaned with both ethanol
(70%) and HCI (@ M). Filters were cut into small pieces to ensure full submersion and
improve the contact between the cells #melysis buffer and enhandde probability of
extractinglow-abundancedNA (due to the nature dhe ice samplgs The Ultraclean
Soil DNA Kit (MoBio Laboratories, Carlsbad, CA, USWgs used for DNA extraction,
following the manufacturer's protocol, for offering vigorous membrane lysis, adequate
for ice samples that typically house multiple sporulated microorganigesose gel
electrophoresi procedures were used to examine the integrity eDN@, not showing
any DNA bands under UVadiationfor either PCor DC. TG-DNA concentrations
estimations were quantified using the Qubit 4 Fluorometer with thedaigsitivity

dsDNA assay kit (Invitrogn, CA, USA with a detection limit ofLO pg/uL
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11.3.5 DNA sequencing andprocessing

11.3.5.1High-throughputsequencing of 16S rRNA genes and processing of sequencing

data

The TGDNA extracts weresubjected to 16S rRNA ge#lmsed higkthroughput
sequencing on an Il lumina Mi Seq platform
protocol (www.mrdnalab.com, Shallowater, TX, USA) and using prokaryotic universal
primers (for both bacterial and archaeal idemdiimn)5 1 5 F-GTGY&ECA GCM GCC
GCGGTAA306) and -BOGASEABCNVGEG TWT CTA AF3 o(Apprill et
al., 2015; Paradat al, 2016) During sequencing, an average of around 300 bp{base
pairs) sequences were generated for all sam(@eslhoet al, 202d). An average
guantity of 23000 21000, and 900Qpairedend sequences were generated per
environmental interface watsample background control sample, and environmental ice
sample, respectively.

The 16S rRNA gene amplicon libraries generated in this study were proeessad
the framework of a previous micrialh ecology study on the Hudson Bay coastal ice
(Coelhoet al, 202D, chapter Il of this thesjsand deposited in the opasource online
metagenomic repositorium European Nucleotide Archive (ENA) under the study
accession number [PRIEB4411Btiefly, raw quences with less than 150 bp and with
ambiguous base calls as well as chimeric sequences and singletons, were @snoved
described earlie(Keller-Costaet d., 2017) Operational Taxonomic Units (OTUS)
were generated and defined by clustering at 3% divergence (97% similarity) with the
UCLUST algorithm. A taxonomic classification of OTUs using the SINA sequence
alignment tool (v1.2.11) of the SILVA datat®a pttps://www.arbsilva.de/aligne)/ was
performed.The OTUs displaying less than 70% identity were considered unclassified at
the domain level and removed from the data, eukaryotes (3sfQThloroplasts (147
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OTUs), mitochondria (9 OTUSs) reaching a total of 1&e alsoremovel. The final

analytical dataset comprised 2331 prokaryotic OTUs and 13&&f@nceeads

11.3.5.2In-silico decontamination

In-silico decontamination procedurékazarevicet al, 2016; Zhonget al, 2018)
consisted of the removal of &ITUsdetected (through sequencing and data processing
i see below) in the previously described background controls from the environmental
samples. Differenin-silico decontamination techniques may be applied such as the
exclusion of OTUs whose relative abundaitédackground controls is above a given
threshold; exclusion of OTUs with high relative abundance; exclusion of OTUs with
higher relative abundance in background controls than in the environmental samples; or,
more conservatively, remove all OTUs presentthe background controls from the
results of the environmental samplészarevicet al, 2016) Due to the application of
this study in astrobiology and NASA recommendations on planetary protection, we
assumed thenost conservative approach of eliminating all OTUs also present in the

background controls.

11.3.5.3 Analysis oftaxonomiccomposition andeta-diversity

Stacked bar charts displaying the taxonomic composition were generated based on
therelative abundance of praryotic taxa from phylum to genus ranks. Low abundance
taxa (e.g., taxa below.5% of relative abundance) were merged into a single category
called AOtherso to improve the whighaasabi | ity
expected, were substantially reabundant than the background control samplean
diagrams were generated using the VennDiagram package in R to determine the number
of OTUs specific to and shared by the environmesaaiplesandthe backgroundontrol

samplesThe plots were createding R(v. 4.1.0)packagephyloseqplyr, andggplot2
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Non-rarefied data was used to prevent loss enefiresentation of low abundance OTUs,

an important parameter for this studycMurdie et al, 2014) The taxonomic annotation

of the OTUs present in the background controls (samples PC and DC) were further
accessed using the Ribosomal Database Project (RIxR et al, 2014)applying the

tools AClIlassifiero for genus assignment anoca
closest type strain. Typstrainswere chosen becausieey areless likely to be poorly

identified, giving us accurate information regarding the closgmcees found in the

dat abase. Taxonomic assignments by the RDP

threshold were considered unclassified.

[1.3.6 Sample cultivation in R2A medium and CFU counts

Culturing was performed &BB (Portugal) after transporting (48 theenvironmental
interfacewaterandice meltwater as well as the processing cordeshplesinside sterile
bottles in a dark cooler at the average temperature ofid®cfacewater samplesvere
seriallydiluted and cultured by spregdating on 1:0 R2A agar mediumwhile 100 pL
of both environmental ice meltwater and the processing control samples were directly
spreadon 1:10 R2A agar mediufChristneret al, 2002) Watersamples were cultured
with R2A dissolved irsterile artificial seawater (ASWHnd icesamples (environmental
ice meltwater and processing contr@lgre culturedvith R2A dissolved irsterile MiliQ
water. The two culture settings were designed duel}dhe estuarine nature of the
sampled environment2) the variable saline concentrations of iaed 3) to widen
putative possibilities of obtaining colonies from fhi®cessing control (a loWwiomass
samplewhile still being able to compare the results with environmental ice sampled.
Spread plating was performed in triplicateatdrface water) and duplicates (ice

meltwater and processing conjrgler dilution. Plates were then incubated aC1%nd
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CFUswere counted every 5 days for 30 dais.a procdure control, clean plategere

open during the culturing proceduyé&ept for 30 days, and no growth was registered.

1.4 Results and Discussion

I1.4.1 Assessment of ice core contamination using cultivatiedependent and

independent technigues

No colory forming unis (CFUs) were registered on the processing control (PC)
plates, during the 30 days of the experimdie interface watesampleshad notable
more culturabléacteriathan theseaice samplesan expected result since usually winter
sea ice has relativelpw biomasgqCoelhoet al, 2022). This suggests that the culture
methodologies adopted were appropriate for the environmental samples used, validating
the results of thgrocessingcontrol. The cultureindependent cell counting method

reported the presencewhat could bgrokayotic cellsin the PC(Table 11 .1).

Table Il .1 - Cultures result¢A) and flow cytometry resultB) are presented in average coldoyming

units (CFUs) and cells per mL, respectively, of water (interface water), melted environmental ice cores (ice
meltwater), and processing control (PC). Environmental water culturesréaliland flow cytometry
results(B) were patrtially adapted fro@hapter Ill, Table 11l.1(Coelhoet al, 2022) on the same ice cores.

(C) DNA guantification (ng/uL) results on environmentedter and ice and the processing control based

on fluorescence (Qubit fluorometevjalues intheformat of averagexSrrom Coelhaet al., 2022, under

review inSci. Rep

A B
-1
Cultures (CFU mL-1) Flow Cytometry (cells mL )
_— Number of CFU/mL| . Number of cells/mL of water | Number of cells/mL of ice
. Number of CFU/mL . X Processing B Processing control (x109
Days after culturing of water (x102) of 1ce[:‘;;l;;uter control (x10%) meltwater (x104)
5 40010 0.6+ 002 0 36440 34210 03
10 30+1.0 3+0.1 0
15 50+ 1.0 3407 0
20 20 1.0 2+04 0 C
DNA quantification (ng pL™")
25 30=1.0 2+06 0
. NA- .
Ieel Iee2 Water 1 Water 2 Water 3 Processing | DNA-extraction
30 10£3.0 0 0 control control
Total 500+ 20 10+2 0 0.9+ 0.1)0.4 £ 0.0 0.9+0.1 1.1 £0.0 0.13+0.1 DL* DL*
*CFU- Colony-forming Unit DL - Below detection limit
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The whole prokaryotic biomass quantified in the control was only 0.8% of the total
prokaryotic biomass quantified in interface water, and 8.8% of prokaryotic biomass
guantified in ice.This shows how decontamination following the use of appropriate
background controls is more crucial when studying ice than water since the magnitude of
microbial contamination is expected to be higher forlbamass sampleslthough not
culturable, these contaminating cells may still have their DNA undamaged and thus
contaminate the downstream DNA analysis (DNA extraction, amplification, and
sequencing).

The DNA quantification methodology usé€@iable 11.1) accounted for DNA in all
environmental samples (however in low quantities), but not in the background controls.
These resultsuggesthatflow cytometryresults of the processing control wegither an
Aartifacto or, t hat DNA low concénirasiorasdatmp | e wa's
undetectable by standard fluorometric DNA quantification techni¢pegection limit of
10 pgfiL). This is significantconsidering that following this protokcthere will be less
contaminating noise on DNAuantification fluorometric techniques a possible

methodology to search fextraterrestriallife in future missions.

11.4.2 Amplification and sequencing of 16S rRNA gene fragments detected

prokaryotic contaminants in both background controls

Even though our control sampleave presented undetectable DNA concentrations
(Table 11.1), amplicon sequencing of the 16S rRNA gene revedtedpresence of
prokaryotic DNAIn both the PC and the DEigure 11 .2). The DNA sequences from the
two controls werelustered in 13 OTUs based 97% nucleotide similarity, which works
as a proxy for prokaryotic species. Given their presence in the controls, we labeled them

Acontaminating OTUso. Seven of these OTUs
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samplegFigure 1l .2), although they represented only less than 0.6% of the total number

OTUs identified(Table 11 .2).

A B Processin C T T T
. - g e ~
/ Ice //\\Water \ Control (PC) DNA extraction / ICE/\‘VNH N
) /759 \ _— —._ Control (DC) / /781N
353 | Vo211 ye N 354 | \ 1211 )
[

| y . /
{ { | | A\ \
\ \ 3 ) / [ \ \
\\ A\ / [ . . ﬂl , \\
N 2 2 Y h
\\_7”_7 7\/‘/7 - I‘.‘. /
Both controls ! /
6

Figure 11.2 - Specificity and sharedness of prokaryotic OTUs across environmental samples (interface
water and ice) and controls. Venn diagrams display the numb@) addTUs common and specific to
environmental water, environmental ice, and both control san{Be8&TUs common and specific to the
processing control (PC) and the DNA extraction control (DC), (@)dOTUs common and specific to
environmental interface water and ice samples comparing wb®@ontaminant OTUs exclusive from
processing control PChn diagrams (A) and (C) replicate samples within each sample type were pooled
togetherFrom Coelhcet al, 2022, under review iSci. Rep

From these seven contaminating OTUs, two appeared only in sea ice samples,
representing 0.2%rTable 11 .2) of the total number of sea ice OTUs; two were only in
water samples, representing 0.1% of the total number of water (Figise 1l .2); and
three were present in both ice and water environmental samples.

While the PC had ten contaminating OTUs, the DC had dguguare 11 .2). The PC
was in direct contact with the same type of materials that were also used to process the
environmental samplesuch as the ice saw, filtration system, sterilesbagdgloves
which could be the origin of its exclusive contaminating OTUs (six).

The DC contaminants could be from the extraction reagents, the laboratory
environment, the personnel, the plastics as microtubes, and pipefleatipsevicet al.,

2016) even though plastics were treated to be Bfie® by the companyAnother
possible source of contamination for the PC and the DC is the samples: Cross
contamination could occur during filtration (for PC), or DNA extraction (for PC and DC)

(Lazarevicet al, 2016; Zhonget al, 2018) since both methodologies concentrate a great
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guantity of biological material that will increase bioburden on the laboratory surfaces and

air for a determined period. However, the small absolute quantity of contaminants

detected in the samples discouragiesh conclusions.

Table Il .2 - Relative abundance (%) of contaminating, prokaryotic OTUs in environmental ice (Ice 1, Ice
2), and interface water (Water 1, Water 2, Wate¥3)ues ofthelast column irtheformat of averageSD.

From Coelhcet al, 2022, under reviem Sci. Rep

OTU ID RDP classifier (>70%) lcel |lce2 |Waterl | Water2 | Water 3 | AveragetSD
OoTU 4 Stenotrophomonas 0 0.02 0 0 0 0.004+0.01
OTU_ 5 Corynebacterium 0.07 0.09 0 0 0 0.03+0.03
OTU_19 Pseudomonas 0.09 0.04 0.004 0.009 0.02 0.03+0.03
OTU_22 Sulfurospirillum 0 0 0 0 0 0
OTU_25 Acinetobacter 0.03 0 0.06 0.20 0.2 0.1+0.09
OTU_36 Asprobacter 0 0 0 0 0.008| 0.002+0.00
OTU_63 EscherichidShigella 0 0 0 0 0 0
OTU_70 Chitinophagaceagamily 0 0 0 0 0 0
OTU_98 Burkholderia 0 0 0 0 0.008| 0.002+0.00
OTU_103 | Sulfurimonas 0 0 0 0 0 0
OTU_167 | Aridibacter 0 0 0 0 0 0
OTU_209 | Acinetobacter 0 0 0 0 0 0
OTU 1153 | Sulfurospirillum 0.07 0.17 0.06 0.18 0.35 0.17+0.10
Total contamination abundance 0.25| 0.32 0.12 0.40 0.61| 0.3#0.2

Both controls share four

of the 13 contaminants. To account only for processing

contaminants, the OTUs of DC wene-silico subtracted from PC, remaining only

excl

usi ve

cont ami nant -DQDRigsire If.2).0'he rgsultofare s si ng

only PC contaminants show that interface water maintained two shared OTUs with the

control while ice now only just shared one contaminant OTU. One OTU remains

ubiquitous in all sampk. Predictably, interface water was much richer in biomass than

ice (Figure 1l .2), both native and contaminaable Il .2) wherefore possible cross

contamination from interface water back to the controls, during processing, was more

likely than from the sea ice.

51



1.00
B3
8 o075
=
o
]
=
2
< 050
EF
£
]
-4
g 0325
=l
I
2
£ o0

Prokaryotic Relative Abundance %

Figure Il .3 - Taxonomic composition of prokaryotic communities in environmental samples (ice and interface water, ineplideitgs) as well as controls (processing control
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-PC, DNA extraction controlDC, and contaminant OTUs exclusive from processing coff@IDC), based on the relative abundance of OTUs of theraafied dataset.
For improved readability, taxa belows9s of relative abundance were joined under the category "Otheosi. Coelhaet al, 2022, under review ici. Rep

52



11.4.3 Taxonomic profiles of background controls

While microbial contaminants represented a small group of just a few different
prokaryotic dentities (OTUs) and were very rare in environmental saniphade Il .2),
theload of total contaminating DNA strands in controls was conside(&igeare 11.3).

These results agree with the normal results of amplicon sequencing analysis to monitor
reagent contamation which has been described to have taxon richness inversely
correlating with the bacterial log@alteret al, 2014) Meaning that the contaminant
community profile is usually distinguishable fnothe rich, and diverse environmental
community, which we also see in our datgsagure 11.3).

The in-silico decontamination (exclusion of contaminants from environmental
analysis outputgLazarevic et al, 2016) (Figure IX.1) shows how evident some
contaminants are (e.gAcinetobactey versus others less abundant whioére grouped
in AOtherso. Similar results were reported
low biomass samplgZhonget al, 2018) The parallels between the taxonomic profiles
of the environmental samples and controls stop at lower taxonomic ranks (order and
genus)i Figure 11.3. Some contaminating OTUs of the geneékeinetobacterand
Corynebacteriumvere present, although not abundant, in the environmental samples (Ice
1, Ice 2, Water 2, and Water B)rigure 11.3. In the controlsAcinetobactemwas more
abundant in the DC. Memtefrom theAcinetobactegenus have been identified before
as part of the kitome (i.e., contaminants from DNA extraction reagéaderet al,

2014) and as contaminants of the NASA Space Asserratylity (Dankoet al, 2021;
Wood et al, 2021) where the last cleaning steps of space vehicles take place before

launch. Finally, theAcinetobactercase shows how our method allows not only the
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reduction, identification, and monitoring litely contaminants but also a close trade
their possible origin.

Silva taxonomy [ttps://www.arbsilva.deéligner/), as well as RDP database
assignments, showed that OTUs were from the geBer&holderiaCaballeronia
Paraburkholderia Acinetobacter EscherichiaShigella Corynebacterium Hirschia,
PseudomonasStenotrophomonasand Sulfurospirillum (Table 11.3). Previous studies
reportedCorynebacteriumBurkholderia, AcinetobacterandPseudomonat® be present
in other background comtls constructed from artificial sterile ice cores and DNA
extraction blankgSalteret al, 2014; Zhonget al, 2018) and another study report
Stenotrophomonasnd Acinetobacterto be able to grow after bioburden assays
performed by ESA which include hestiock treatmeniRettberget al, 2019)

Of the 13 contaminating OTUs, one was only identified at the family level (meaning
that it may belong to an unknown genus), three were only identified at the genus level,
eight were closely related to a type strain (>90% similarity), and one was ideatiffes
species level with maximum confidence level from the softBable 11.3). OTU 63 is
closely related to human enterobacte8hiellaspp.) and through this method, we were
able to know that while this bacterium was present in the PC, it waketested in any
of the environmental sampleProcessing ice samples demands much more human
contact than DNA extraction, agreeing with this result. OTU 98 is a close match for
Burkholderia stabilisnotably a known contaminant of class | medical devicelsiding
gloves(Wanget al, 2015; Sommersteiet al, 2017) This OTU was also mostly present

in the PC.
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Table 1.3 - L i

st of

al | OTUs

retri

eved

n

t he

processing

control

(dB)Ge prasented fibid A

environmental ice meltwater (Ice 1, Ice 2), environmental interface water (Water 1, Water 2, Water &}, B& BEDC (removing PC shared OTUs with DC remaining
only contaminant OTUs exclusive from PC). The OTUs are shown classified at the genus level based on the RDP classifighn €0ditds >70% confidence threshold were
considered classified at the gsrevel). The closest type strain on RDP represents the closest type species at the RDP database and respectiverel(sengssisability

score).Note that OTU 209 was identified as spedemetobacter radioresistensrom Coelhcet al.,, 2022, uder review inSci. Rep

Number of | Number of
RDP classifier Closest RDP* type strain ab . Number | Number | Number N“’“"ef N““‘"‘T reads in reads in DNA
OTU_ID o . probabi- | of reads | of reads | of reads |of reads infof reads in . . PC-DC
(>70%) (Accession mumber) lity score| inlIce 1 | in Ice2 |in Water 1| Water 2 | Water 3 Procesing extraction
control (PC) | control (DC)
OTU 4 | Stenotrophomonas [Stenotrophomonas maltophilia (T), 0.918 0 2 0 0 0 8506 6088 2418
ATCC 19867, AB021405
OTU 5 | Corynebacterium [Corynebacterium tuberculostearicum | ¢ 966 5 10 0 0 0 3770 9522 0
). CIP107291, AJ438050
OTU 19 |  Pseudomonas  |F'Seudomonas proteolytica (T), type 0.954 7 4 1 2 4 2122 1174 948
strain: CMS 64, AJ537603
OTU 22 |  Sulfurospirillum ~ PSW!furospirillum alkalitolerans (T), 0.742 0 0 0 0 0 0 3169 0
- HTRB-L1, GQ863490
OTU 25 |  Acinetobacter ~ ficinetobacier guillouiae (T), DSM 390, - 967 2 0 14 46 57 0 2771 0
- X81659
OTU 36 Asprobacter  Asprobacter aquaticus (T), DRW22-8, | 947 0 0 0 0 2 2165 0 2165
- KF056993
OTU_63 | EscherichialShigella [Phigella sonnei (T), type strain: CECT | 977 0 0 0 0 0 1004 310 694
- 4887, FR870445
OTU 70 Chr'rr'noph'agaceae [Ferruginibacter alkalilentus (T), HU1- 0811 0 0 0 0 0 0 1170 0
- family GD23. F1177530
OTU 98 |  Burkholderia  [Purkholderia siabilis (T), LMG 14294, | = 954 0 0 0 0 2 728 0 728
- AF097533
OTU 103 |  Sulfurimonas ~ Wfurimonas denitrificans (T), DSM | ¢ g¢5 0 0 0 0 0 141 0 141
1251, CPO00153
OTU 167 Aridibacter ~ {Aridibacter famidurans (T), 0.918 0 0 0 0 0 0 269 0
A22 HD 4H, KF245634
OTU 209 |  Acinetobacter ~ icinetobacter radioresistens (1), DSM | 00 | 0 0 0 0 0 0 131 0
- 6976, X81666
OTU 1153|  Sulfurospirilium  [S¥furospirillum alkalitolerans (T), 0.743 5 19 15 41 89 0 12 0
HTRB-L1, GQ863490
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This result highlights how significant DNA contamination is when samples are handled
by humans, even if properly equipped, and are then analyzed through sensitive DNA
detection techniques.

OTU 1153 andOTU 25 were the most representing contaminants in the
environmental samples, with approximately 0.1% of average relative abundance among
all environmental samples (s€éable I1.2). The OTU 25, closely related Azxinetobacter
guillouiae was highly abundant in the DC (agreeing Wthure 11.3). Some other OTUs
present inTable 11.3 had low abundance (below detection limit) in the environmental
samples while being detected in the DC.

Previous analyses of contaminants frodNA extraction reagentshowed the
presence fo extremophilic strains such as members from the radioresistant genus
DeinococcugSalteret al, 2014) A species exusive from the DC, OTU 209, was a
100% match té\cinetobacter radioresistenghis bacterium is highly tolerant to gamma
ray radiation(Nishimuraet al, 1988) thus difficult to eliminate with radiatichased
sterilization.

Overall, DC rather than PC was a matisruptive source of contamination,
suggesting that DNA extraction protocols for difetection analysis will always profit
from the use of background controls. A recent study on the contaminants from NASA
Spacecraft Assembly Facilityas shown the signdance of the kitome in the field of
planetary protection. It has also demonstrated that baofdrianan origin prevail in the
kitome while bacteria known to survive extreme conditions were more likely
contaminants from the cleanroom environm@kbod et al, 2021) Our data unravel a
not so evident pattern suggesting that some bacteria from human origin were more
prevailing in the processing control (which would be metatable to the environment

of the laboratory) instead of as a member of the kitome, while the DNA extraction kit was
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a more likely source of the stresssistant contaminating genéisinetobacterHowever,

OTU 5, closely relatetb Corynebacterium tuberculostearicuype straini part of the
human skin microbiome, was found to prevail in the DC, likely being part of the kitome,
agreeing with the previous NASA stu@Woodet al,, 2021) These results highlight how
relevant the disclosure and close monitoring of the communities present in controls,
including the kitome, are for astrobiology analysis in planetary eieldoguess well as

future space msions.

[1.5 Applications to future space missions to the icy moons

Space is inhospitable for (most) known biological systems when considéeng
combination ofvacuumconditions extreme temperatures, micrograyiand, the most
deleterious, unfiltered saland galactic radiatiofOlssorFranciset al, 2010) Although
it is considered unlikely that terrestrial microbes could survive radr cruises to the
outer solar system, the facttisat there is no real statistical calculation of the risk of
forward contamination, and thus it remains a concern for the exploration of icy worlds
(Kmineket al,, 2019; Coustenist al, 2021) Only future analysisfahe equipment from
missions directed to collect and return with samples from celestial bodies, such as
Hayabusa2 and OSIRIBEX will allow assessment of such inferen¢BRggberget al,

2019; Charet al, 2020; Martinset al, 2020)

[.5.1 Relevance of the contaminants found in this work to planetary protection

Out of the 13 bacterial entities found in the controls analyzed, 12 were related to
known extremophile species, and one was identified at the speciesAewettobacter
radioresistensa gammaay resistant bactemm (Nishimuraet al, 1988) Radiation is the

most challenging condition for contaminants, so limiting that even peatatitra
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terrestrial radiationadapted life on the surface of icy moons is unlikely. Terrestrial
microorganisms capable of surviving highergy irradiation would be especially
important aplanetary protection agentsgoreerfor.

The other 12 contaminés were not identified at the species level but are all related
to organisms that thrive in environments with conditions close to the limits of growth and
survival. The speciesSulfurospirillum alkalitolerans Ferruginibacter alkalilentus
Sulfurimonas daitrificans, Pseudomonas proteolyticandAridibacter famiduransare
known to be tolerant to cold temperatures, high or low pH, dryness, aneriegdy
radiation environments (UV and gamiray), resuming the general microbial features
that COSPAR and NASA flagged for future lander missions to Europa and Enceladus
(Kmineket al, 2017; Rettbergt al, 2019; NASA, 202Q)However functional genomics
using full metagenome sequencing of DNA will be needed in future studies to assess the
extremophilic ptential of ice contaminants in planetary fiedthaloguessince these
communities are dominated by uncultured microorganisms

Membersof Aridibacter famiduransan survivewithout liquid water and nutnts
for long periodgHuber et al, 2014) and these abilities are linked to increased radiation
resistanceSulfurospirillumalkalitoleransand Ferruginibacter alkalilentusare species
resistant to high pH environments éulfurimonas denitrificanare reported as a species
from deepsea vents. Enceladus is modeled to have alkelaters (pH between 8.5 and
10.5)and to havextensive hydrothermal activity tite ocean floorgVanceet al, 2007;
Hsuet al, 2015; Postbergt al, 2018)

A previous study has fimed a psychrophilic (colcesistant) biofilmproducer,
Psychromonagantarcticus asrelevant for forward contamination risk to the icy moons
(Rettberget al, 2019) Biofilms are biotic structures that allow microorganisms to be

additional resistant to external pressubeghis study, we can reinforce the risk of strains
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such as these based on our data from planedaglogues We found a similar
microorganism in oucontamination list, closely related Rseudomonas proteolytica
which is a psychrophilic strain also originally isolated from biofilms in Antar¢tReaddy
et al, 2004) This speciess a concern for planetary protection because it can virtually
survive for many years trapped in {¢&eddyet al, 2004)and biofilm formation increases
its resistance to the effects of spécainek et al, 2018; Macaet al, 2021)
If microbial life on these icy moons evolved along similar paths to microorganisms
on Earth, bacteria such #iseseare a double concern to future missions, given that,
besides the risk of di st ur boulsdhaso contamingea 6 s p ut

any extraterrestrialsignals of life with misleading signatures.

[1.5.2 Relevance to future missions to explore icy moons

The NASA Procedural Requirements (NPR) defines forward contaminatmrean
wo r | d s inteoductiintohaeingle viable terrestrial microorganism into a liquader
envi r onQOSMAR @onsiders the risf forward contamination in spacecraft
missions more significant in the case of Europa and Enceladus and advises reducing the
probability of contamination to less than 1x4(Kminek et al, 2019) NASA Response
to Planetary Protection Independent Review Board Recommend&ii®) @dvised the
study of mechanisms of contamination individually for emghmoon(NASA, 2020)
with more concern for Europa and Encela(iiminek et al, 2019) The environment of
each icy moon is very different from one anotf@selhoet al, 2021)requiring different
decontamination planning. Thus, there is an emerging need foresadlished
decontamination and background contitekign protocols with years of prvdata. The

development of toolssuch as the presented in this studymonitor contamination in

59



samples from icy terrestri@nalogueswill serve asa testbed for futue searckor-life
space missionand simultaneouslynprove fieldwork practices incy environments

Astrobiologists and microbial ecologists working with ice from planetary field
analoguedgo icy moons shouldontinue toshare their contaminant identifigans with
the community This has been established regarding Malated researc{Regberget
al., 2018; McCubbiret al, 2019; Bellet al, 2021; Spryet al, 2021)and we recommend
basedn our findings that this practice should extend to icy moons asMmdlway, the
contaminating sources, and recurrent microbial contaminants, if existing, of ice samples
collected in the planetary fielhalogueso icy moons will be unraveled duringetimext
years. With tlesedatg future comparative analysisetween ice contaminations and
NASAG6s <cleanroom contaminating metagenome
detection space missions landing on these habitable satellites.

Drilling the thick iceshell of Europa and Enceladssrface as conceived iEuropa
Lander, Enceladus Orbilander Mission, and JBl&ncet al, 2020; Hancet al, 2021;
MacKenzieet al,, 2021) will require core recovery strategies analogous to those used in
terrestrial studies, although substantially more complicated lagjigtiDecontamination
techniques using UAC and chemical disinfectants are suggestethbyrask Group on
the Forward Contamination of Euroftaminek et al,, 2019)to sterilize hardware before
the spacecraft launch to Europtowever, these agents are unsuitable to be used on the
external layersof ice coressince they wouldchang the putative extraterrestrial
communityo6s ab u npoéles(Regersenhal, 2004; Kirasz s2009 Qur
results show how mechanical removal of external ice core layers is effective in reducing
bioburden and not aggressive to the natural biota. We recommend that the design of ice
corers for future missions should incorporate a mechanism to remalegmde the

external layer of the ice cores mechanically or through the application of heat.
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The processing and downstream analysis for these missions is based on the ones used
in planetary fieldanaloguegKuhn et al, 2014; Goordialet al, 2017) For instance,
Enceladus Orbilander Mission is designed to use Nanopore sequenoavgtion to
detect life, a small device able to sequence long strands of DNA and RNA-tmreal
identifying long polymeric strands of nucleic acids if pregdfdcKenzieet al, 2021)

More data using labn-chip approachekke Nanopore sequencing technoldggcepted

as adequate for space missigiRezzonco, 2014) are needed for the preparation of
missions and thus it is also our recommendation that future applications of the present
protocol also use longtrand sequencing using fab-a-chip approaches\evertheless
theidentification of contaminasbased on amplicon techniques is still useful in this field
(Kminek et al, 2019) Our microbial monitoring success relied heavily on thegroof

PCR to detect contaminants in the contrdlse increased sensitivity of this technique
has been used to closely explore total comr
(Pascoakt al, 2021) and has been applied to the analysis of ice samples in planetary
field analoguego the icy moongMiteva et al, 2 0 0 4 pt alP2O@B] Shtarkmaet

al., 2013; Hatarret al, 2014a; Yergeaet al, 2017; Itcuset al, 2018; Kgani et al,

2018) aswell asplanetary protection investigatiofSrawford, 2005)Thus, while long

strand sequencing will be necessary torabi@rize extraterrestrial DNA, amplicon
sequence remains as preferential to moimi¢goiorward DNA contaminations. In a future
analysis of planetary fieldinalogueso prepare for space missions we recommend
including replication in the design of the expnent to decrease PCR bias as welioas
allow for adeeper assessment of the origin of contaminations. We also strongly reinforce
the need for new research on functional metagenomics characterimg the

physiological potentiabf microbial contaminants.
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Returning samplefiave been described asfundamental part of future landing
missions in Europa and Enceladi&herwood, 2016; Neveet al, 2020) In fact, Icy
Moon Sample Return Mission is consideredfarspiratod by ESA to bringe ur op e 6 s
space ambitions to the next level (EBAIntermediate Ministerial Meeting 20p
However, glanetary protection concern regarding return missions igxtiaterrestrial
life may contaminate Earth (backward contaminatidmyus, future return missions fall
into the V category (COSPAR planetary protection policy 2@Kminek et al, 2017)
which isrestricted in cases of Europa and Enceladus. The contamination controls for such
missiosneed to avbotdvedéd al s didegeatisn, teprstocal for | i f e
biohazards during cruise, landign d af t er FKatl sies proetiur ved. cfont
could lead to unnecessggrincreased rigor in the requirements for all later Europa or
Enceladus missions and prevéredistribution of the sample from containment and their
further study. A preondition for such missions is that a program of life detection and
biohazard testig, or a proven sterilization process, shall be commenced for the controlled
distribution of any portion of the sampl@urrently, Europe does not have a laboratory
prepared to receive and analyze reextraterrestrialsamplegSmithet al, 2021) Thus,
as recommended, new research based on the bulk use of standardized decontamination
protocols in planetary fieldnaloguego the icy moons is a key necessityfétomulate
curational procedures for suflture laboratories tguarantee the maximum efficiency

and safety of futurextraterrestriallife-detection missions.

1.6 Conclusiors

Landing missions to Europa and Enceladus are at least two decades away. However,
implementingclean sampling strategs for extraterrestriallife detection experiments

based on verifiable and standardized control methods used in planetaignébdgues
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will take a long timeWe recommend that the community does not only rely on the effects

of the natural radiation envirarent of these moons for decontamination and incorporate

the degradation of the external layers of ice cores contacting withnmada equipment

in the missionds design. We recommend micro
checkpoints during these ssions. Our results suggest that the most appropriate
techniques to search for forward contamisamt extraterrestrialice cores may not be

the same considered appropriate to search efdraterrestrial life and that the
incorporation of both methodologies in future missions should be considered. Finally, we
encourage the scientific community working on planetary delalogueso keep sharing

their contaminantsSe ar chi ng f or a i owome of icesamplingmi nat i
and processing procedures from planetary fiatdhlogueswill also take years of

consistent research and public deposition of data, culminating in comparative studies.

This represents aadditional technological barrier &m alreag difficult mission In fact,

space missions require massive resources, since the best methods are needed to
unambiguously convince the scientific community of the prospective discovery of the
centuryi finding extraterrestrial life. However, contaminatioof an extraerrestrial

world with terrestrial biota would have a severe impact with unquantifiabletéong

costs, especially if this contamination is not immediately detected and monitored.
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.1 Summary

Current knowledge of the processes that shape prokaryotic community assembly in
sea ice across polar ecosystems is scarce.

Here, we coupled cultuir@ependent (bacterial isolation on R2A medium) and
cultureindependent (higithroughput 16S rRNA gene seqeerg) approaches to provide
the first comprehensive assessment of prokaryotic communities in the late winter ice and
its underlying water along a natural salinity gradient in coastal Hudson Bay, an iconic
cryo-environment that marks the ecological trawmsitbetween Canadissubarctic and
Arctic biomes.

We found that prokaryotic community assembly processes in the ice were less
selective at low salinity since typical freshwater taxa suéhiaskiales Burkholderiales
and Chitinophagalesiominated both #ice and its underlying water. In contrast, there
were sharp shifts in community structure between the ice and underlying water samples
at sites with higher salinity, with the ordefdteromonadalesand Flavobacteriales
dominating the ice, while the abovementioned freshwater taxa dominated the underlying
water communities. Moreover, primary producers includiygnobiumCyanobacteria
Synechococcalgsnay play a role in shaping the ice communities and were accompanied
by known Planctomycetesand Verrucomicrobiaetaxa. Culturedependent analyses
showed that the ice contained pigmprdducing psychrotolerant or psychrophilic
bacteria from the phyld&roteobacteria Actinobacteriota and Bacteroidota likely
favored by thecombination of low temperatures and the seasonal increase in sunlight.
Our findings suggest that salinity, photosynthesis and dissolved organic matter are the
main drivers of prokaryotic community structure in the late winter ice of coastal Hudson

Bay, theecosystem with the fastest sea ice loss rate in the Canadian North.
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[11.2 Introduction

The Arctic Ocean and its marginal seas constitute an edtkarpiome that is
strongly influenced by large inputs of freshwater from numerous inflowing rivers
(Macdonald, 2000)Among these seas, Hudson Bay (Canadidoarctic/Low Arctic) is
a semienclosed marine ecosystem that has been the subject of several research programs
over the past decades. However, studies of its winter ice ecology are limited and mostly
associated with an oceanographic project in the 498@@mmarized inNozaiset al,

2021) The cold waters of Hudson Bagyartially influenced by cold air from the Arctic

Ocean basin, push the 10°C isotherm southward. Thus, the winters in this region can be

as cold as in the high ArctiAMAP, 1998) a phenomenon <called t*h
effecto. Sea ice covers the bay for at | ea
cryo-habitat formicrobial colonization and growth. The salinity gradient in Hudson Bay

has been shown to shape the structure of zooplankton and phytoplankton assemblages
(Archambault et al, 2010; Jacquemotet al, 2021) and is known to drive
bacterioplankton composition and activity elsewhere in the Arctic lj@smeatet al,

2006) A similar response is exped from the native prokaryotic community as salinity

is a weltknown driver of prokaryote biogeograplilyozuponeet al, 2007) Yet the

prokaryotic community structure of sea ice in Hudson Bay and its relationship to salinity

has not been explored thus far.

One of the major freshwater inputs to Hudson Bay is the Great Whale River, on the
southeastern side of the bay at latitude 55.3°N, thedlocation of the Indigenous
communities of Whapmagoostui (Cree First Nation) and Kuujjuarapik (Inuit). The river
mouth lies at the transition between tabarctic and Arcti¢Bhiry et al, 2011) in the
coasal foresttundra zone (ecozone: Taiga Shield; ecoregion: Southern Ungava
Peninsula). Over the last decades, studies in this region have revealed the widespread
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geophysical influence of the Great Whale River on the eastern coastal waters of Hudson
Bay (Ingramet al, 1987; Liet al, 2007) Although river discharges are significantly
higher during summer, the plume expansion across the surface waters of the bay can be
four times greater when it is i®vered, and thsea ice is therefore associated with
freshwatetinfluenced salinity gradients over large distances.

Although Hudson Bay winters are severe in terms of temperature, the Low Arctic
latitudes of this region mean that there are more daylight hours than fwttigrand sea
ice in the bay can experience prolonged bright irradiance between March and September
(CEN, 2020) Light s likely to be a critical factor in the regulation of sea ice microbiomes,
and the psychrophilic and psychrotolerant orgasighat grow in this environment,
particularly near the upper surface, must therefore contend with photooxidative stress.
Pigmentproducing microorganisms are better equipped to survive at the surface of ice
due to their photooxidative resistance, andrteaiface growth can decrease-atbedo
while shielding the microbial communities bene@faccarioet al, 2015) At the lower
ice surface, solutes and micesbmay be exchanged through microchannels with the
underlying water(Gosselinet al, 1985) and materials including dissolved organic
matter, nutrients, and cells incorporated into the ice via ice accretion proiegsesu
et al, 2021)

Hudson Bay has the fastesta@f sea ice loss of all sectors in the Canadian North
(Bhiry et al, 2011) and its coastal ice microbiomes are therefore likely vulnerable to
ongoing climate change, being a good model for subarctic ice Yiatldespite recent
progress enabled by the advent of rgameration sequencing technologi¥grgeauet
al.,, 2017) for most polar ecosystess we still lack accurate and comprehensive
documentation of the abundance, diversity, and structure of prokaryotic communities that

thrive in sea ice. This knowledge is fundamental to improving our understanding of the
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microorganisms and microbiatediat@l processes that shape ecosystem functioning in
the Arctic and cold biomes at large.

The main goal of this study was to provide the first description and analysis of the
late winter sea ice prokaryotic communities of the Canadidnarctic, as irradiance
increasesand ice starts to melt. We used a combination of cuttependent approaches
(custom methodology to isolate ceddapted bacteria in the laboratory) and cuiture
independent methods (highroughput 16S rRNA gene sequencing) to 1) determine
bacte i al community structure in ice along a
southeast coast in winter, near the Great Whale River system; 2) evaluate whether shifts
in community structure exist betweam t he se
the interface water, which is water immediately underneath the ice (hereafter referred to
as Awatero), along the salinity gradient; 3
shifts in community structure, and 4) evaluate ecological relatipsstiirough the
analysis of abundance distributions of bacterial taxa in the ice and water and their
relationship with biological and environmental parameters. We hypothesized that the
structure of the coastal sea ice microbiome is shaped not only byeogbératures and
physical constraints typical of this habitat but also by salinity and relevant biological
processes taking place at the underlying, interface water such as photosynthesis.
Moreover, we anticipated that the degree of distinctiveness betigeeand water
prokaryotic community structure was likely to increase at higher salinity sites farther from

the river mouth.
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1.3 Materials and M ethods

111.3.1 Sampling and processing of ice and water

Sampling was performed on the southeast coast of Hudson Bay near
WhapmagoostuKuujjuarapik in Nunavik, northern Quebec, Canada, an estuarine
ecosystem influenced by the Great Whale River. Samples of ice and the water beneath
the ice were collected in winter (February"2and 28" 2019) when ice approximately
1-m thick covered the bay.

Ice cores (in duplicate) ofth length and 9 cm in diameter and water beneath the ice
(1 L in triplicate) were collected from three different locations (sites 1, 2, and 3). One ice
core and one water sample were further collected antiesection with the river (site 4)
(Figure 1l .1). Replicate sampling at site 4 was not possible due to technical restrictions.
The geographic location of sites 1 to 4 corresponds to a decreasing gradient in water
salinity along the coast,ith site 4 representing the location with the lowest salinity due
to its proximity to the rivefFigure Il .1). In total, 17 samples were collected belonging
to 8 distnct sample groups: 11, 1W, 21, 2W, 3I, 3W, 4l, and 4W (numbers represent the
sites, with Al 0 meaning i cStesd,R2dandidWgere meani n
sampled on Feb 872019, and site 4 on Feb"™2&019. The mean temperature difference
betweerthe two sampling days was 3°C. The lowest temperature registered at the weather
station of Kuujjuarapik during sampling days wag°C, while the highest temperature
reached wasl1°C at noon, with an almost constant wind flow of 21 km/h.

Sample processg took place in the laboratory facilities available at the Centre
d 6 ®t Nodligues (CEN) research station located in WhapmageKsiujjuarapik. The
external layer (5 mm) of each ice core was cut using a sterile ice saweanthe same
ice cores weréeft to melt at room temperature in sterile bags, following established ice

core decontamination and sampling protod@hristneret al, 2005). Ice water (1000
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mL) and water (500 mL) samples were filtered through 0.22 pm nitrocellulose filters
(Millipore®, SigmaAldrich) using a vacuum pump. The filters were immediately frozen

and stored at T80AC wunt i flowbydmetrgestimatesoft i on (¢
cell abundance (see below), 5 mL of each ice water and water sample were fixed with
glutaraldehyde to a final concentration of 2% (v/v) and then stor&D¥E. The rest of

the ice/water samples ene stored separately in stexilglass bottles, which were

maintained at approximately 4°C, for the future cultivation of aerobic, heterotrophic

bacteria.

Metadata was collected @ite using a multiparameter water quality sonde (YSI
model EXO2®), which was placed in the water afterawting the ice cores. The data
collected comprised temperature (°C), salinity (Practical Salinity URI&U) calculated
automatically from the measured conductivity, dissolved oxygen (ODO) through optical
detection, fluorescent dissolved organic mafieOM, in quinine sulfate units QSU),
as well as both chlorophyla (ung/L) and cyanobacterial fluorescendGA-PC
(phycocyanis in pg/L) through fluorescence detection. Snow depth (cm) on top of the

ice surface was also measuredsite.

111.3.2 Flow cytometry estimates of prokaryotic abundance

Samples were transported in coolers to INR8stitut National de laRecherche
Scientifigue (Quebec City, Canada) where flow cytometry was conducted. Prokaryotes
were enumerated with FACScalibur flow cytometer (BD, Mi&sigja, ON, Canada) as
described previouslgComteet al, 2016) In brief, cells in samples previously fixed with
glutaral dehyde wer e 56X SYBRGedn |lLife Tactndlogiesy 2 0 ¢ L
Thermo Fisher Scientific, Waltham, MA, USA)
incubation in the dark. Discrimination of prokaryotic cells was achieved based on green

fluorescence (FL1) and sigeatter signals (3, with excitation at 488 nm, using
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yellow-green spheres with 1 um of diameter (Polysciences Inc., Warrington, PA, USA)
as an internal size standard. CellQuest Pro software was used to analyze the data. Flow
cytometry counts are displayed as average®limamber/mL + standard deviation for

each sample group. Significant differences in flow cytometry counts were assessed by

One Way ANOVA using PAST softwafélammeret al, 2001)v.4.02.

[11.3.3 Total Community DNA extraction and high-throughput sequencing of 16S

rRNA genes

Total Community DNA (TGDNA) extractions were performed on the filters of ice
water (1000 mL) and water samples (500 mL) at the Institute for Bioengineering and
Biosciences (iBB) in Portugal. A sample processing control (C1) made of frozen MilliQ
wateg was added to the experiment. This Mil/l.i
the same way as the remaining samples (ice and,veateiChapter )I The filter of the
MilliQ water sample (C1) and a new, clean filter (C2NA extraction control) were then
subjected to the same TMNA extraction protocol. The filters were cut into small pieces
to ensure full submersion and improve the contact between the cells and lysimg buffe
TC-DNA extraction was carried out as described previo(lshrimi et al, 2017)using
the Ultraclean Soil DNA Kit (MoBio Laboratories, Carlsbad, CA, USA) on the filter
pieces of each sampl e accor diDNAgyieldsoandt he man
integrity were examined under UV light after standard agarose gel electrophoresis
procedures. T@ONA concentrations were thereafter estimated using the Qubit 4
Fluorometer with the higkensitivity dsDNA assay kit (Invitrogen, CA, USA), and stored
at 1 8 @fAr@er amalysis.

TC-DNA extracts were subjected to 16S rRNA gbased higkthroughput
sequencing on an lllumina MiSeq platform at MR DNA (www.mrdnalab.com,

Shallowater, TX, USA). First, the V4 hypervariable regigndoli positions 515806) of
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the16S rRNA gene was amplified at MR DNA in a8fcle PCR using the primers 515F

( 5-6TG YCA GCM GCC GCG GTAA3 o6(Caporascet al, 2011)and 806 RB (5606
GGA CTA CNV GGG TWT CTA ATF3 O6(Apprill et al, 2015)using barcodes on the
forward primer. The HotStarTaq Plus Master Mix Kit (Qiagen, USA) was employed to
prepare the reactions under the following conditions: 95°C for 5 min, followed-B§ 30
cycles of 95°C for 30 sec,35C for 40 sec and 72°C for 1 min, after which a final
elongation step at 72°C for 10 min was performed. After amplification, samples were
multiplexed using unique dual indices, then pooled together, and later purified using
calibrated Ampure XP beads. Tharified PCR products were then used to prepare the
lllumina DNA library. During sequencing, an average of 20000 paretisequences of
around 300 bp were generated per sample. Controls were subjected to the same extraction

and sequencing process.

[11.3.4 Processing and analysis of amplicon seqguencing data

The 16S rRNA gene amplicon libraries generated in this study were processed and
analyzed following previously established methodolodlesller-Costaet al, 2017)
Briefly, sequence reads obtained from all 17 samples were first processed using MR
DNAG6s custom data analysis pipeline. Raw s
ambiguous base calls were reme d . Subsequent Afdenoisingod o
removing chimeric sequences and singletons using UCHBuIgaret al, 2011) OTUs
were generated and defined by clustering at 3% divergence (97% similarity) with the
USEARCH algorithm(Edgar, 2010)In total, qualityfiltering and clustering procedures
returned 5352 OTUs and 572404 read®s&the data, which were used in downstream
analyses.

Taxonomic assignment of OTUs was then performed using the SINA sequence

alignment tool (v1.2.11) of the SILVA database v.13&ttgs://www.arb
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silva.dealigner). OTUs displaying less than 70% identity with valid taxa (2292 OTUSs)
were regarded as unclassified at the domain level and removed from dheéOdats
identified as singletons that were not removed in previous processing (4 OTUS),
eukaryotes (4 OTUs), chloroplasts (169 OTUs), mitochondria (14 OTUS), or detected in
the sample processing (Cl) and DNA extraction (C2) controls (30 OTUs) were
subsequetly filtered out, reaching a total of 221 removed OTUs. The final analytical
dataset comprised 2839 prokaryotic OTUs (12 archaeal and 2827 bacterial OTUs) and
353648 reads (median of 22398 reads per sample). Data analyses, described in detail
below, compised (i) estimates of prokaryotic (OTU) richness and diversity per sample
and sample groups, (ii) taxonomic profiling of each sample from phylum to genus levels,
(iif) determination of specific and common OTUs among sample groups using Venn
diagrams and y) prokaryotic community ordination based on OTU profiles. While-size
rarefied sequence libraries were used in alpha diversity analyses (i), both rarefied and
nonrarefied (full) data were employed in analyses (ii) to (iv). Analyses oframfied
sequene libraries benefited from the relatively even sequence depths obtained for most
samples examined in this stu@igure 1X.2) and involved data transformation (specified
below) to account for such differences while preventing read counts from relatively low
abundance OTUs to be lost orrdpresented due to rarefactigvicMurdie et al, 2014)

Given that the analyses performed with both rarefied andrarefied data were overall
congruent, we here present the results obtained with theanefied dataset while the
complementary analyses perfomnefor the rarefied dataset are presented as

supplementary material to this article.

[11.3.5 Alpha-diversity analyses: OTU richness and diversity

To determine alphdiversity metrics for each sample and compare these metrics

among sample groups, sequence libravwese sizenormalized by rarefying the data
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using the rarefy_even_depth function from pingloseR (4.0.2) packagéMcMurdie et

al., 2013) The rarefied library size was 7634 reads corresponding to the lowest number
of reads detected in a sample. Observed and estimated (Chaol index) OTU richness, and
OTU diversity metrics (ShannéWiener index) were thereafter computed in R using the
estimae_richness function from thghylosegpackage. Moreover, to portray the extent to
which OTU richness in each sample increases as a function of sequence depth, rarefaction
curves were plotted in R using the rarecurve function of the vegan paesgneret

al., 2020)

The KruskalWallis test was performed to test for significant differences in alpha
diversity measures between sample groups.
thereafter to reveal whether pairwise differences among sample groupsigveiieant.

Both analyses were done using PAST software v.4.02. Additionally, alpha diversity
measures of water and ice samples from the four sampling sites were respectively pooled
together and tested for significant differences with the Matmitney U-test, using the

wilcox.test function from the stats package implemented in R.

[11.3.6 Analysis of taxonomic composition

To display the taxonomic composition of each sample, stacked bar charts were
plotted based on the relative abundance of prokaryotic taxa frglunpltio genus levels,
for both rarefied and nerarefied (full) data. To improve the readability of the graphs,
low abundance taxa (e.g., taxa below 1% of relative abundance for the order plot and
0.5% for the genus plot) were merged into a single categ@ayl | ed @ Ot her so.

were created using R packagdg/loseqplyr, andggplot2

I11.3.7 Beta-diversity analyses

Venn diagrams were generated using the VennDiagram package in R to determine

the number and proportion of OTUs specific to and shared by icevatedt samples
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within each site and across all sites along the salinity gradient. Venn diagrams were first
built using both nomarefied and rarefied datasets in an exploratoignted approach to
reveal whether the total OTU richness observed in ice watained in water and viee
versa.

To identify shifts in prokaryotic community structure between the ice and water and
along the salinity gradient, a multivariate analysis of OTU profiles was carried out. To
this end, the nonarefied data were adjusted Bigllinger transformation (square root of
OTU relative abundances), after which a B@uyrtis similarity matrix was calculated
from the OTUversussample table using the phyloseq package for R. Additionally, we
also produced a Bra@urtis similarity matrixfrom the rarefied OTU table (all sequence
libraries rarefied at 7634 reads per sample). The resulting@u&ys similarity matrices
(from both rarefied and nerarefied data) were then used to ordinate the samples via
Principal Coordinates Analysis (P&)p according to their OTU profiles using the R
packages phyloseq and ggplot2. A Similarity Percentages (SIMPER) test was carried out
(PAST v.4.02) to rank the OTUs contributing the most to community dissimilarities
among sample groups, from which the t&pniost differentiating OTUs were plotted as
Ospecies datadé in the respective PCoA gr a
measured in water samples at each(Jigble 1X .2) were as well portrayed as vectors in
custom ordination biplots using PAST v.4.02 to explore relationships between
guantitative biological/environmental parameters and prokaryotic community structures
across sites.

To ascertain whether there wasignificant difference between the sample groups,

a Permutational Analysis of Variance (PERMANOVA) was performed in PAST v.4.02.

This test was conducted using the Bfawyrtis distance matrix of the Hellinger
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transformed data with all samples and 999 peatons. Pairwise differences were
assessed by performing the PERMANOVA Post Hoc test in PAST v.4.02.

We also examined the extent of variation (dispersion around-Guays similarity
means) in taxonomic (OTU) profiles within groups of samples usingoétadisper
function from the vegan package (v-2Yof R (Oksaneret al, 2020) With betadisper,

we tested whether community dispersion among ice samples was larger than that of the
water communities along the salinity gradient (sites 1 to 4adutition, we evaluated
whether community dispersion among water and ice samples from one single site was
higher than dispersions observed for (i) ice samples only along the salinity gradient, and

(i) water samples only along the salinity gradient.

[11.3.8 Cultiv ation, isolation, and identification of aerobic, heterotrophic bacteria

The following steps were conducted at iBB in Portugal, immediately after
transportation of ice and water samples (within a cooler at an average external
temperature of %C, 48 h) to tle laboratory.

All samples were diluted and cultured by spreéating on 1:10 R2A agar medium
(Christneret al, 2002)prepared with sterile artificial seawater (ASW). While?10
10 serial dilutions were used to process water samplésglilltions were plated for ice
samples. Spreaplating was performed in triplicates (water) and duplicates (ice) per
dilution. Plates were then incubated at@5and bacterial colonies wereunted every 5
days for 30 days. The negative control plates were blank by the end of the incubation
period. Counts of aerobic, heterotrophic bacteria were expressed as averages of colony
forming units (CFUs)/mL + standard deviation for each sample gr8igmificant
differences in CFU counts were assessed by One Way ANOVA using PAST software

v.4.02.

76



Site 4 is exposed to a higher freshwater inflow due to its proximity to the GWR
(Figure Ill .1). Therefore, we also included a dsa#te cultivation procedure under the
same conditions to widen the diversity of bacterial cultures examined in this study. For
this additional treatment, water samples from site 4 and ice sammhesalr sites were
cultured by spreaglating on 1:10 R2A agar medium prepared with sterile MilliQ water
following the procedures described above.

A total of 109 and 66 colonies deriving from the first (R2A prepared with ASW) and
second (R2A prepared withiliQ water) cultivation attempt were obtained, respectively,
representing all different colors and morphotypes observed at each site and sample type
(ice or water), and were streaked until purity on R2A agar medium. Thereafter, pure
isolates were freshlgrown in R2A broth and glycerol stocks prepared and storéd at
80°C.

Genomic DNA was extracted from a fresh liquid culture of each isolate using the
Wizard Genomic DNA Purification Kit (Promega, Madison, USA) according to the
manuf act ur er @rstaxanaonsctidentficatian ofrals isolatés, genomic DNA
samples were subjected to 16S rRNA gene amplification by PCR using the universal
primers 27F1492R and then purified using Sephadex@as described previously
(Esteveset al, 2013) Amplicons were then subjected to Sanger sequencing at STAB
VIDA, Lda. (Caparica Portugal) using tARAGTOTGAar d pri
TCMTGG CTCAGIi 36) . 16S r RNA gene seguences wer e
Sequence Scanner Software version v1.0 (Applied Biosystems, Foster, CA, USA)
resulting in highquality sequences of 671000 bp. Taxonomic assignment of bacterial
isolates to the genus level was performed using the classifier tool of the Ribosomal
Database Project (RDP, release M/anget al, 2007; Coleet al, 2014) Closest type

strains to all sequence queries were detezthinsing the RDP sequence match tool
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(http://rdp.cme.msu.edu/segmatamd closest sequence hits in paldiatabases were

determined using nucleotide BLAST (BLASTN tool from NCBI).

[11.3.9 Cultivation -dependent and-independent data integration

To compare the taxonomic profiles obtained from cultivadependent and
independent methods, we adopted standardized taaores for all 16S rRNA gene
sequences (SILVA database v.138 nomenclature) and identified the common genera in
both datasets. To determine the total number of OTUs present in the library of isolates,
we first aligned the 16S rRNA gene sequences of alliddlates using the ClustalWw
algorithm in MEGA software (v.10.2.4). The aligned sequences were then subjected to
OTU picking at a 97% similarity threshold using Mothur (Mothur v1.44.3,
http://www.mothur.org) with the nearest neighbor clustering method.eBalctOTU
richness and taxonomic composition at the genus level from cultivééjpendent and

independent data were thereafter examined and contrasted.

[11.4 Results

I11.4.1 Environmental parameters

Water salinity ranged from 0.6 PSU (prevailing freshwater environment) to 10.54
PSU (brackish environment) from study sites 4 to 1, located the closest and furthest away
from the mouth of the river, respectivélyigure Il .1). Values for temperature, fDOM,
snow cover, chlorophyh fluorescenceand phycocyanin fluorescence (as a measure of
cyanobacterial biomass) displayed considerable variation among(Bibke 1X.2).
Noticeably, the highest values recaddfor the latter two parameters, which can be
considered indicators of photosynthetic biomass and activity, coincided with the lowest

measure obtained for snow depth at si(@able 1X .2).
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Figure 1l .1 - Location of sampling stations on the east coast of Hudson Bay (Whapmagoostui
Kuujjuarapik, Quebec, Canada). Map data © Sennéalinity data (PSU)were taken osite during
water sampling using The YSI EXO2®alues of salinity irtheformatof averayetSD for sites 1, 3 and

4. From Coelheet al, 2022, inSTOTEN

l11.4.2 Counts of prokaryotic cells and bacterial colonyforming units

Total counts of prokaryotic cells by flow cytometry in ice from the four different
sites ranged from 3.4 to 8.9¥1¢klIs/mL with increased abundance at sit@able 1l .1).
In the water, total prokaryotic cell counts ranged from 3.1 to 52%pdl3/mL with the
highest abundance at site 4, most proximate to the (ivable Ill .1). Counts of
culturable, aerobic, heterotrophic bacteria in the water were considerably higher than
those of the ice samples, eventually representing up to 35% of the total prokaryotic counts
estimatedoy flow cytometry, while CFU estimates of culturable bacteria in ice samples
varied from 0.1 to 0.18% of the total cell counts estimated by flow cyton(Eatyle

I .2).
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Table Il .1 - Counts of total prokaryotic cells (assessed by flow cytometry) and bacterial colony forming
units (CFU) in sea ice and wate€ounts are in the format of avera@D. From Coelhcet al, 2022, in

STOTEN
Site Seaice Interface water
Cell counts CFU counts CFU/Total Cell counts CFU counts CFU/Total
(cells mI) (cells mi) counts (%) (cells mi) (cells mi) counts (%)
Site1 (3.4+1.0)x 16 (4.4+1.1)x16 0.13 (3.6+0.4) x 16 (9.0£3.5) x 16 24.8
Site 2 (3.2+0.8) x 16 (1.8+0.6) x 16  0.05 (3.1+0.4) x 16 (1.1+0.5) x 16 34.9
Site 3 (8.9+5) x 10 (1.6+0.1)x16 0.18 (3.2+1.0) x 16 (6.9¢1.9)x16 215
Site 4 (5.6+0.4) x 16 2.0x 16 0.04 (5.4+0.2) x 16 (1.3+0.01) x1® 23.0

1 Counts were performed on 1:10 R2A culture medium prepared with sterile artificial seawater.

[11.4.3 Cultivation -independent analyses of prokaryotic community structure

11.4.3.1

Alpha diversity measures

Alpha diversity wasissessed for sequence libraries rarefied at 7634 reads per sample

(Figure IX.2). Significant differences (P<0.05) in observed OTU richness were detected

between water ahice samples for sites 1 to 3, where replicate sampling was possible

(Figure 1l .2).

1000

900

BOD

700

Observed OTU richness

600

300

400

Estimated OTU richness (Chaol)

1400

1250

1100

950

800

650

500

-——i—t

)
N
& & &

Water » lee

S

Shannon diversity index

3
b

~

) ) ™

e, e’ 2, e,
& oF o
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Intriguingly, while higher OTU richness was recorded for water than ice samples
from sites 1 and 2, at site 3 this trend was reversed, with higher ricirsessed for ice
than water sample@igure Il .2). The highest cell coun{@able 11l .1) across all ice
samples analyzed in this study were recorded for samples from site 3, suggesting that this
site hosts the densest, richest, and likely more activeasseciated prokaryotic
communities across the salinity gradient investigated Wergte 4 (lower salinity), OTU
richness values from ice and water samples were similar, converging at about 750 OTUs
per samplgFigure 11l .2). The observed OTU richness values in water and ice samples
diverged more from one another in sites with higher salinity (sites 1 and 2), where the
highest (85000 OTUs per water sample) and lowest (c.-850 OTUs per iceample)
measures were documented across the ddfaisgtre Il .2). In general, the observed
richness measures were congruent among replicates of the same sample group, except for
ice replicate samples from sites 1 and 2, particularly the latter, in which a much larger
extent of variability was observed. Overall, the tieifak observed OTU richness were
followed by those of estimated OTU richness (Chaol) and OTU diversity (Skannon
Wiener indexFigure 11l .2).

Estimated OTU richness (ChHowas usually larger than the respective, observed
OTU richness measures, especially among all water sarfitgse 11l .2). This trend
suggests that additional OTWhiness/diversity would be captured for most samples if
sequencing depths higher than the rarefaction threshold were used, as evidenced by

rarefaction curves created for each sample usinga@fied datgFigure X .2).

11.4.3.2 Taxonomic composition

From 2839 prokaryotic OTUs classified at the domain level using the SILVA

database, only 12 OTUs (669 redd8.2%) were fromArchaea while the remaining
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2827 OTUs (352979 reads 99.8%) belonged tBacteria Archaeal OTUs were
classified into 8 distinct genera, whereas bacterial OTUs were classified into 652 genera.
The Archaeacommunity composition differed between the ice and water and changed
along the salinity gradientArchaea OTUs belonged to the phyl@€renarchaeota
Thermoplasmatota(Marine group |l order),Halobacterota Nanoarchaeota,and
Euryarchaeota whereby most alaeal reads (>93%)ere detected in water samples
from the higher salinity sites 1 and 2

Although all archaeal phyla represented less than 1% relative abundance in all
samples, notabl€renarchaeotavas the % most abundant phylum in water samples from
site 2, represented by the gen@andidatusNitrosopumilusHalobacterium AR15, and
Methanobacterium
The most abundant bacterial phyla detected in this study Rreteobacteria(38% of
the total reads analyzedBacteroidota (26%), aml Actinobacteria (23%), which
collectively shared dominance of all prokaryotic communities in water and ice samples
across the gradient, followed by smaller proportions M&rrucomicrobia (8%),
Planctomycetotg3%), Cyanobacteria(1%), and several otheruoabundance (<1%)
phyla (Figure IX.3). The Proteobacteriaphylum was essentially represented by the
classesGammaproteobacterig29%) andAlphaproteobacteria(9%) (Figure 1X.3).
Clear differences in taxonomic composition between ice and water communities could
already be depicted at high taxonomic leyglsylum) and were pronounced at sites 1
and 2 where salinity is high@figure 1X.3). At these sites, the phyluBacteroidotavas
more abundant thafsctinobacteriotan ice samples, whereas the opposite was observed

in water samples.
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Figure 11l .3 - Taxonomic composition of prokaryotic communities in ice and water. @egdel prokaryotic community composition basedtoa relative abundance of OTUs

of the nonrrarefied dataset. For improved readability, orders below 1% relative abundance across the entire dataset were joieechteghyttOthers" (A). Genlevel
prokaryotic community composition based on the iedahbundance of OTUs of the naarefied dataset. For improved readability, genera below 0.5% relative abundance
were joined under the category "Others" (B). Diverse genera possessing low relative abundantas(pthkars) are an integral part oftb@te and water microbiomes.
From Coelhcet al,, 2022, inSTOTEN
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A notable increase irCyanobacteria, Planctomyceteand Verrucomicrobia
relative abundance was furthermore observed in ice samples from sito@iparison
with the corresponding water samples. Prokaryotic community composition of ice and
water samples at site 4 (lower salinity) was similar at all taxonomic lefvigigré Il .3
andFigure IX .3). Genera such &ediminibacteriunPolynucleobactemgcl and TRA3
20 clades, and unclassified genera from @mmamonadaceaand Methylophilaceae
families were shared by both sample catezpait site 4 in relatively similar proportions
(Figure Il .3).

Differences in community composition among ice and water samples became
even more eviderdt lower taxonomic levels as salinity increagedyure Ill .3). The
orderFrankialesdominated all water samples but were only abundant in ice at site 4. The
relative abundance of the ord€hkitinophagalesandBurkholderialesncreased in water
samples from sites 3 and 4, closer to the river. Orders suchlte®monadales
Flavobacteriaés VerrucomicrobialesandOceanospirillalesvere more abundant in ice
than in water samplefigure 1l .3). At sites 1 and 2, particularly, an overhlgh
abundance of the psychrophilic genéalaribacter PsychromonasParaglaciecola,
Colwellia, and Reinekeawas observedFigure 11l .3). Abundance distributions of
Flavobacterialeggenera can serve as markers for the ice/water community shift at higher
salinity sites. For instance, whiRolaribacterdecreased in abundance in ice from sites 1
and 2 (higher salinity) to sites 3 and 4 (lowsalinity) the opposite occurred for
Flavobacteriumand Fluviicola. The genusCyanobium particularly several OTUs
tentatively affiliated withCyanobium gracilestrain PC@6307, originally isolated from a
freshwater lakgGerloff et al, 1950) was the main contributor to the enrichment in

Cyanolacteriaproportions observed in ice samples from si(Eigure Il .3).
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Finally, we found a high diversity of loabundance genera across all ice aatew
sampl es ( mar k &iguredlis3) diréhgthering thé emierging evidence of a
highly complex rare prokaryotic biosphere in the Ar¢tascoalet al, 2021) As in
another study on an Arctic estuarine datéketlogg et al, 2019) we ran a subset of
analyses of the taxonomic composition using rarefied OTU tdBigsire 1X.4) and
found no significant difference in results or conclusions when comparing to the non

rarefied data.

111.4.3.3 Specificity and sharedness of prokaryotic OTUs

Venn diagram assessments regdahat only 14% of the OTUs detected in ice were
shared among ice samples from all sites 1 to 4, whereas 36% of the OTUs detected in
water were common to all sitgsigure 1l .4). These shared OTUs were found to
represent 20% and 60% of the total number of reads included in both analyses,
respectively. Noticeably, all OTUs from ice samples were contained within thepo
OTUs detected in the water, which was expected since this ice originates from the
underlying water. About 20% of the total OTUs detected in this study were absent in ice
samples, possibly reflecting an important transition in microbiome structuredtars
when the water freezéBigure Il .4). However, this pool of OTUs represented 1.5% of
the total number of reads in the dataset.

At higher salinity sites (sites and 2), many OTUs were unique for welieigure
lll .4), and fewer OTUs were shared between the respective ice and water samples than
at lower salinity sites (sitesahd 4), where ice and water shared the majority of OTUs
(Figure 1X.4). Ice samples from site 3 had the highest percentage of unique OTUs
(approximately 18%) when compared with ice samples from the other(Bitpse
[Il .4). This was in line with the observation that the highest richness measures and a
distinct community composition characterized the ice communities from siig&r¢
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[ll .2 andFigure 11l .3), where the highest abundanceCiyanobacteriaPlanctomycetes,

andVerrucomicrobiaevas registered.
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Figure Ill .4 - Specificity and sharedness of prokaryotic OTUs of thenapefied dataset across ice and
water samples. Venn diagrams display the number and proportibragikets) of (A) OTUs common and
specific to ice samples along the salinity gradient, (B) OTUs common and specific to water samples along
the salinity gradient, and (C) OTUs from all ice and water samples, whereby samples of sites 1 to 4 were
pooled per ltope (iceversuswater). In diagrams (A) and (B) replicate samples within each location were
pooled. Note that the prokaryotic richness found in ice is contained within wedar.Coelhcet al., 2022,

in STOTEN

Overall, the major trends depicted abovergvmaintained in Venn diagrams of the
rarefied datasgfFigure IX.5, yet with a somewhat smaller
shared by all sample groups in analyses (A), (B), and (C). Noticeably, analyses of both
nonrarefied and rarefied data congruently réedathat all the prokaryotic richness
observed in ice was contained within the water communikiggi(e 111 .4 andFigure

1X.5).

11.4.3.4 Prokaryotic community ordination

Principal Coordinates Analysis (PCoA) performed on all samples revealed a sharp
separation of ice and water OTU profiles, with water samples clustering closer together
(Figure lIl .5). The spatial distribution of the i@ssociated communities was overall
more variable than that observed for water commun(Eagure Il .5), an outcome that
strengtkens previous observations made on water/ice microbial communities in the Arctic

marine environmer(fyergeauet al, 2017)
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Betadisper anayis(Table IX.3) showed that the community dispersion in each site
becomes smaller as we move from sites 1 and 2 to site 4, validating a larger difference
between ice and water communities in habitats more distant from the river. In fact,
community dispersion within sitdsand 2 (water and ice included in each site) proved to
be larger than community dispersion observed for ice samples (only) and water samples
(only) along the gradientTable 1X.3). These results are congruent with the largest
difference in alpha diversity measures between ice and \igure Il .2) and the
closest proximity of site 1 and 2(Figure Ill .1). Samples from sites 1 and 2 were
proximate to one another in the ordination space, which means that OTU composition
within each biotope wasonsistent with geographical proximity.

Prokaryotic communities in ice seemed to respond more to the unique
environmental/biological features of each site than those from (Fatgrre 1l .5). First,
there was a clear diagonal division along both axes responding to the different salinity
levels (sites 1 and&rsis sites 3 and 4). Further, ice and water samples from site 4 were
located near to one another in the ordwmratspace(Figure Il .5) indicating that
community similarities between ice and water increased with proximity to the river,
corroborating the trends observed for OTUhness(Figure Il .2) and taxonomic
composition (Figure Il .3). The generaPsychromongs Reinekea Paraglaciecola
Glaciecolg andPolaribacter(OTU 9) were proximate to ice samples from sites 1 and 2,
illustrating the higher relative abundance of thggseips in ice from both sites, and distant
from water samples.

The measurements of chlorophydl fluorescence, cyanobacterial biomass
(phycocyanin fluorescence), and dissolved oxygen (ODO) in water decreased with
increasing salinity, and these parameteese found to reflect the separation of water

communities of sites 1 and 2 from those of sites 3 and 4 along coord(Fager® Il .5).
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In agreement, sites 3 and 4 displayed higher abundanceSyariobacteria
(especially in icé Figure I11.3) as well ag’lanctomyceteandVerrucomicrobiae Sites
3 and 4 also displayed higher fluorescence values of phycocyanin and chlophyll
the water(Table 1X.2). Site 3 was the habitat with the highest photosynthetic biomass
indicators(Figure 111.3 andFigure Ill .5). Snow depth was lowest at sit€¢Table IX.2)
and may have played a role in this trend through its effects on UV attenuation. The highest
fDOM measures were observied samples from site 2, while the lowest fDOM measures

were recorded for sites 3 and 4.

111.4.4 Community structure based on culturedependent methods

We were able to cultivate a small portion of the bacterial communities from ice and
water when compared with the richness present in the cufidependent dataset (652
genera in théBacteriadomain). Two isolates were classified at the species level, 169
isolates at the genus level, and four isolates only at the family level. Nonetheless, the
culturable bacterial richness uncovered in this study encompassed a large variety of
genera (N=34),ncluding three potentially novel genera from different families, and
phylotypes represented by 41 OTUs defined at 97% sequence similarity, among a
collection of 175 isolates.

Of the 29 phyla detected by the cultimdependent analysis, four were cultured
(Figure 111.6): Proteobacteria(72%), Actinobacteria(16%), Bacteroidota(9%), and
Firmicutes (3%), being the former three phyla also the most dominant in the culture
independent datdFigure 111.3). Overall, the taxonomy profiles of the culturable
communties in ice and water samples along the salinity gradient differed sharply from
those retrieved via cultwiedependent analysis, with the disparity between the two

datasets increasing at lower taxonomic levels.
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At the phylum level, there was an increasdhe relative abundance Birmicutes
and Bacteroidotain the culturable community from ice in comparison with water
samples, in agreement with the cultimdependent results. For example, tenus
Bacilluswas only present in the ice samp(Egure 11 1.6) cultivated on R2A with ASW
(Figure 1X.6). Further, from the 31 formally described genera identified from the
i sol ateds 16S r RMgare I.6)n enly 48 weteedetected in the
cultivationindependent datasdthe isolats belonging to the remaining cultivated genera
were often closely related to extremophilic strains.

Isolates from the genddarinomonagOceanospirillaley were retrieved from water
samples on R2A with ASWFigure 1X.6) and detected at site 1 by both culture
dependent andindependent assessments. Also agreeing with the ciddependent
analysis, a few representatives of XathomonadalesndAlteromonadalesrderssuch
asStenotrophomonaandShewanellarespectivelywere found in ice samples cultivated
on R2A with ASW Figure 11l.6 andFigure 1X.6).

Conversely Alphaproteobacteriasolates (23%) could be retrieved from almost
all samples from all sites. Although members of the SAR11 clade were found in all
samples using cultwi@dependent analysd€&igure 111.3), they were not among our
cultivated strains, and would not be expected to be, given the culture conditions used in
this study. Instead, alphaproteobacterial orders previously described in association with
Arctic freshwater or Arctic sea ice in the sumr{iottoset al,, 2008; OrégaRetuerteet
al., 2013)such asCaulobacteraleq10%), Sphingomonadale8%), Rhodobacterales
(1%), andRhizobialeg1%), were cultivated in this study from both R2A with ASW and
R2A with MilliQ water. These orders were also detected in the cultivataependent

dataset.
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A higher relative abundance of pigmeshteacteria was isolated from the ice than
from the wate(Figure 111.6) , on both R2A mediéFigure 1X.7). These cultures showed
observable pink, yellow, orange, and violet pigments, and most genera that were only
represented by colored colonies were isolated exclusively fror(Figare IIl.6) . As
expected, the two R2A media chosen to cover this estuastensyliffer in the relative
abundance of some groups, especially at the genus level. Seven genera were isolated using
both media: Pseudomonas Brevundimonas Rhodococcuys Microbacterium
Flavobacterium Janibacter,and SphingomonasOf the remaining 27 gena, 13 were
cultivated on R2A with ASW and 14 on R2A with MilliQ water. Generally, the class
Gammaproteobacterizvas the most dominant in water, as 93% of the isolates retrieved
from water samples were mosigeudomonastrains closely related to coldveronment
species such aB. antarcticaand P. psychrophila(Figure II1.6) . At site 4 (lowest
salinity) only two gener&seudomonaandBrevundimonasyere cultured on R2A with
ASW, while eight genera were obtained from R2A with MilliQ water, including
Macrobacterium Arthrobacter andPlantibacter(all belonging toActinobacterioty as
well asJanthinobacteriunandDuganella(Betaproteobacterip These results agree with

the higher input of freshwater at site 4.

[11.5 Discussion

The ice prokaryotic communitiesxamined in this study are part of the broad
spectrum of Arctic marine microbiomes, which contrast in many respects with the
microbial communities of the Southern OcéBrinkmeyeret al, 2003; Ghiglioneet al,

2012; Yergeawet al, 2017) This distinctiveness between the poles in part is related to

the strong impact of terrestrial environments on the Arctic Ocean ecosystem, and this is
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especially the case for subarctic Hudson Bay with its numerous inputs from rivers that

flow through wellvegetated catchments.

111.5.1 Differences between sea ice and interface water prokaryotic communities

increase with salinity

The differences in alpha and beta diversity between ice and water at sites 1 and 2,
particularly, were more pronounced than the differernts®rved within each biotope
ice or water- along the salinity gradient, and this is evident in all analyses performed.
Congruent with the notion that prokaryotic community structures of ice and water are
more divergent from one another at higher salisites, the extent of OTU sharedness
between ice and water decreased from 88% in site 4 to less than 50% in sites 1 and 2.
The ice from sites 1 and 2 showed a greater prominence of genera usually associated
with the marine environment (e.dplaribacter, Paraglaciecola,Colwellia, Reinekea,
and Glaciecolg unlike the water from the same sites, or the water samples in general,
which were dominated by genera usually associated with freshwater environments
influencing Arctic marine systems (e$ediminibaatriumand the hgcl clade) and which
are known to play an important role in the nutrient cy@lésos et al, 2014; Adyasaret
al., 2020; Mohapatrat al., 2020) Two hypotheses may explain tiikenomenon: 1) the
freshwater groups were negatively selected in ice upon freezing at the higher salinity sites,
and/or 2) the freshwater groups we found in thecmeered waters were not as dominant
during the openwater season at ice formation (e.gghwer dispersion of the river plume
during winter). Freezing alone did not appear to be negatively selecting against the
freshwater groups since they were abundant in ice from site 4. However, osmotic stress
could still be a cause for dmlection since icdrine channels would be expected to

decrease from site 1 to site 4.
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The fact that the bay surface is less influenced by freshwater before ice formation at
the end of the opewater season in comparison with the cowered season (winter) may
support thesecond hypothesis. The river plume size in Hudson Bay is more vertically
localized and spatially extensive under the ice than in open whatgramet al, 1987)
as a result of protection from windduced mixing. When the bay is icevered, the
water from the river spreads out as a thin layer over the denser seawater and covers
hundreds of kilometers of the bay surfélcegramet al, 1987) The shifts in prokaryotic
community structures of iceersuswater presented in this study are consistent with this
pattern. Foexample Oceanospirillalescommonly found in the marine Canadian Arctic
(OrtegaRetuerteet al,, 2013) as well as-lavobacterialeswere more prevalent in ice at
higher salinity sites but not in the water. In fact, the gdpoigribacterin the order
Flavobacterialess one of the most abundant genera in the Arctic Ocean and occurs in
annual ice, brackish waters, and saline environm@useauet al., 2011; Bowmaret
al., 2012; Hatanet al, 2014; Yergeawet al, 2017) Also, the marine/brackish genera
found almost exclusively in ice from sites 1 and 2 were from the édtkmomonadales
Paraglaciecola PsychromonasGlaciecolg ShewanellaMarinobacter, and Colwellia
The latter is a typical genus from cold environments that can maintain metabolic activity
down to-20°C(Methéet al, 2005; Junget al, 2006)

Hudson Bay is an adjacent sea to the Arctic Ocean where SAR11 clade phylotypes
abound(Banoet al, 2002; AlonseSéezet al, 2008; Comeaset al, 2011; Ghiglioneet
al., 2012) Our data show that this group is likely-sielected during ice formation in
Hudson Bay, consistent with previous findings on the distribution of the SAR11 clade in
ice versuswater in the high Arctic (Hatamt al, 2014). Despite such a cleaut response
to the emergence of novel microniches (that is, ice) in cold biomes, the diversity of

SARL11 clade phylotypes in the Arctic is still not well known. Of our 38 SAR11 clade
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OTUs, only 3 could be classified at the gsnevel (Subgroup la). This subgroup
(Pelagibacteracege has been previously associated with cold waters, freshwater
conditions, UV exposure, low nutrient availability, and algal blogkmemeret al,

2020) It has been suggested that the Arctic Ocean houses endemic SAR11 claolesecoty
due to its relative isolation from other oceans and the long seasonal presence of ice
overlying its freshwateinfluenced water columf{Kraemeret al, 2020) It is possible

that the unique waters of Hudson Bay harbor endemic SAR11 ecotypes, whose
physiology and ecological roles reayet to be unveiled.

Salinity gradients are weknown determinants of the structure and function of
microbial communities(Lozuponeet al, 2007; Beieret al, 2011) Steep salinity
gradients (from 0 up to >30 PSU) reflecting freshwatarine transitions perpendicular
to Hudson Bayb6s coast appear to act as a d
summer(Jacquemott al, 2021; Blaiset al, 2022) Our study, in contrast, examined
prokaryotic community assembly in both ice and water within a brackish salinity range
(from 0.6 to 10.5 PSU) along the coastline, and the results suggestdhgtdr sea ice,
particularly at sites farther away from freshwater inputs, houses prokaryotic taxa, such as
the Oceanospirillalesand Flavobacterialesphylotypes mentioned above, that may be

more dominant in water during summer. Future studies mustighedn this hypothesis.

[11.5.2 Potential influence of phytoplankton and dissolved organic matter on the

prokaryotic community structure

We also observed shifts in the structure of prokaryotic communities of both ice and
water according to measures of fDOM aptuytoplankton fluorescence that were made
in-situ across the salinity gradient. The potential phytoplankton effect was most
conspicuous on the ice samples of site 3, which had the highest bacterial richness and

most distinct taxonomic composition among ice samples from all Si{esobacteria
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contributel 5% of the total reads in both ice samples from this site, similar to the
abundance found in other coastal environments of the Arctic Ocean, especially those
subject to inputs from rivers, which are well known to be prime Arctic environments for
picocyandacteria(Waleronet al, 2007; Bowmaret al, 2012; Vincentet al, 2012)
Consistent wth this notion, several OTUs belonging to the ge@ysinobium(order
Synechococcalgsconsidered to be the most abundant picocyanobacterial group in fresh
and brackish waters worldwid@lbrechtet al, 2017, were collectively responsible for
the enrichment irCyanobacteriaproportions in ice samples from site 3. This result
supports the higher abundance @janobacteriapreviously reported in Hudson Bay
(Legendreet al, 1999) VerrucomicrobiaeandPlanctomycetewere also abundant in ice
from site JFigure 1X.3), and in studies elsewhere, these have been linked to the presence
of photoautotrophéPizzettiet al, 2011; Dedyslet al, 2019) SubarctidPlanctanycetes
are not well characterized (Pizze#t al, 2011), and in our datasemost OTUs
corresponded to unknown or uncultured genera, Wwhrucomicrobiaes recognized
as abundant in the Arctic Ocean and has been previously identified on Arctielwessh
(Bottoset al, 2008)and in sea ice (Bowmaat al, 2012; Comeast al, 2011).

Chlorophylla and phycocyanin fluorescence values were also higher in the water
from site 3. We suggest that snow depth being lower in gifatde IX .2) along with the
river influence, contributed to the increase in photoautotrophs in this site. Snow also plays
an important role in the abiotic regulation of ice microbiomes due to the refiestid
filtering of visible light and UV radiatior{Perovich, 2002) contributing to the light
protection of heterotrophs while the autotrophs struggle to harvest enough light for
photosynthesis. The sustained presence of heatpits would enrich the ice with trace
elements that may facilitate autotrophic growth in spring and afterit@iedelet al,

2008) Similarly, Imbeauet al (2021) found that northern lake ice retained high
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concentrations of bacterial fatty acids, and they postulated that the release of these
materials into the water at kit would stimulate planktonic microbial activitigsmbeau
et al, 2021)

Although we recorded a W abundance ofcyanobacterialfluorescence and
chlorophyllain ice from sites 1 and %laciecolaandParaglaciecola groups known to
be associated with algal aggregatRappet al, 2018)- were abundant in ice samples
from these sites. Past studies have also shown that the recruitment of bacteria into ice is
primarily facilitated through their attachment to microalgae or part{@easkmeyeret
al., 2003) Notably, fDOM measures in water were higher at sites 1 and 2. TheiDOM
the Arctic ice and water environments is usually directly correlated with the presence of
algae. In fact, the water communities from sites 1 and 2 were rich in saprophytic taxa such
asBurkholderialesvhich depend on the carbon inputs available dutiegsummer algal
blooms typical of the high ArctigKirchmanet al, 2019 Ghiglioneet al, 2012; Lliroset
al., 2014; Yergeatet al, 2017) Although some light is available in winter at these
subarctic latitudes, the day length is short and available light is attenuated strongly by the
snow and ice. Decaying algal popigats may have contributed to the higher fDOM
coupled with diminished abundance in chlorophyti sites 1 and 2. However, additional
measurements would be needed to assess the relative abundance of microalgal taxa in
these sites, for example by 18S rRNéng sequencing. Possibly, higher fDOM values
could also indicate lower DOM turnover rates, related to reduced bacterial growth and
metabolic activity in the microbial loop. Overall, our results indicate that the structure of
prokaryotic communities in icend the underlying water at the Hudson Bay coast shifts
significantly across a salinity gradient largely determined by freshwater inputs and that
such shifts correlate with changes in ecosydiml abiotic and biotic parameters such

as dissolved oxygephytoplankton (higher levels of chlorophgland producers such as
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Cyanobacterian sites closer to freshwater) and fDOM (higher at sites distant from the

freshwater input).

[11.5.3 Cultivation -dependent and-independent analyses indicate the importance of

pigmented bacteria in ice

Sea ice has been considered a selective agent favoring a seed bank of psychrophilic
bacteria that would ultimately dominate Arctic coastal wa(@mgeet al, 2002;
Connellyetal., 2006) Cell and CFU counts obtained in this study fall within the range
reported previously for prokaryotic abundance in Arctic ice and seawater (Maetario
al., 2015), agreeing with the general estuarine description of Arctic marine environments.
Our results are also consistent with some o
polar ice bacteria, estimated to be lower than 1% using solid rfi¢elimkeet al, 1995;
Christneret al, 2002) However, it is dificult to establish a reference value for the
expected ice ficulturabilityo within the | i
the ice habitats will depend on the ice origin, age, and sampling season. Therefore, finding
an optimal cultivation rathod that supports all conditions is challengimgthis study,
we used standard methodology (R2A medium prepared with either ASW or MilliQ water)
to generate baseline data on culturable, heterotrophic bacteria from Hudson Bay. In future
studies, it woud be useful to extend this work by applying novel culture media with salt
concentrations that mimic those of the salinity gradient along the coast, which would
likely expand the diversity of bacteria that can be cultivated from this ecosystem

We found evidence, based on both cultivati@pendent and independent analyses,
that ice may be a selective force favoring the prevalence of pigmented bacteria in this
environment. Colored bacterial colonies were nuften detected in the i¢han in wagr
samples, suggesting that pigmentation within this diverse group of culturable bacteria is

likely to underpin their success and viability in itékewise, our culturendependent
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approach revealed that many other typically pigmented bacterial gendraasuc
Polaribacter(Gonzalezt al, 2008) Ferruginibacter(Lim et al, 2009) Chthoniobacter
(Sangwaret al, 2004) Colwellia (Deminget al, 1988) Fluviicola (Dahalet al, 2018)

and Luteolibacter(Jiang et al, 2012)were enriched in the ice samplds contrast,
Brevundimonasan alphaproteobacterial genus previously detected on Arctic ice shelves
(Bottos et al, 2008) and composed of mostly pigmented bacteria, was abundant and
exclusively cultured from ice, while gndetected at low relative abundance in the
cultivationindependent dataset. The prevalenc8m@vundimona®bserved among the
cultures, and ofPolaribacter and several other pigmented genémathe culture
independent results, is consistent with thewviat ice microbial communities are
enriched in pigmented speci@rown et al, 2001)

Ice microaganisms are exposed to photooxidative stress, while microbes thriving in
the water column are likely to be adapted to a lower solar radiation regime (Gesselin
al., 1985). The most common mechanism against photooxidative stress is the production
of cardenoid pigments, resulting in orange, pink, or yellow coloration, that quench
photochemically produced reactive oxygen spediesentet al, 1993). Similar results
have been reported in previous studies of modern ice cores, regardless of geographical
origin (Christneret al, 2002). Biopigments are also reported to act as a response to
nutrient depletion and dryness, all conditions present in fesphergLemoineet al,

2010; Seekt al, 2020) In Arctic lakes, pigmented, heterotrophic bacteria have been
reported to participate in solar energy capture, behaving as mixotrophs and enhancing the
pathways of carbon flow, and some prokaryotic pigments may provide protection of the
whole community against harsh environmental conditions (Vigneta, 2018). Qur

results raise the possibility of this phenomenon also occurring in surface ice and other

light-exposed polar surfaces. Given the presence of several dwrege pigmented
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bacteria among our cultures, including members of the phBlacteroidetesuchas the
generaFlavobacterium Chryseobacteriumand Mucilaginibacter it is reasonable to
argue that carotenoids constitute a prevailing pigment type within our culture collection.
Future, spectroscogyased pigment characterization will shed more lighthenidentity

and concentration of pigments found among the bacterial taxa isolated in this study.

As observed for the genWBrevundimonasn ice, the genusseudomonasvas
likewise almost rare (<1%) in the cultdredependent data, but dominated the calble
community, particularly in the water samples. TPgeudomonassolates were most
closely related to species usually observed in cold environments. Isolate 4W1V, for
example, was closely related Rseudomonas yamanorun psychrotolerant bacterium
first isolated from subantarctic habitdfsnau et al, 2015) Moreover, some of the
Gramypositive isolates were closely related to typical-tluéving species such as
Arthrobacter agilis(Christneret al, 2002) andBacillus spp. One of these isolates,
Bacillussp.1118W was closely related ®acillus safensisa species highly resistant to
the cold and high energy radiation, including in spaame experiment§Coil et al,

2016)

[11.6 Conclusiors

Our observations of the sea+eter interface at the Hudson Bay coast show that
there can be striking patterns in prokaryatommunity structure that are related to
environmental gradients. There were strong differences between ice and water
communities, especially in regions with higher salinity. Sea ice more distant from the
shore was dominated by marine phylotypes, wHilerater environments, as well as ice
closer to the river mouth, were dominated by freshwater taxa. Salinity creates a
pronounced vertical ecological stratification between ice and water and is one of the key
drivers shaping the ice microbiome through ¢tloéd but sunlit winter at this subarctic
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latitude. Our complementary insights into prokaryotic community structure by culture
dependent andndependent analyses show that sea ice may host higher proportions of
pigmented bacteria than the sigb waters, ptentially resulting from the increased solar
radiation exposure in the ice. We further show that besides salinity, DOM and
phytoplankton (as measured by fluorescence proxies) appear to influence the composition
of prokaryotic communities in the ice. Thegwing study of these microbial communities
inhabiting subarctic ice and the interface water that lies close to freezing will allow an
improved understanding of the shoand longterm effects of ice melting in a rapidly

changing climate.
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IV CHARACTE RIZATION OF THE

FLUORESCENT ORGANIC

MOLECULES IN THE ARCTIC ICE

AND WATER AS A PROXY FOR

LIFE -DETECTION IN EUROPA
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IV.1 Summary

Future missions to Europa and Enceladus will hgpectroscpic equipment on
board to characterize the surface of these mandssearch for biosignaturdéeference
datg from planetaryfield analogues to these satellisgerequired for the success of these
missionsto tailor new equipmentand create reference databas¢és,d son bayds coa
an icecovered marine environmeint winter, analogue to the watéce interactions on
Europa and Enceladualsoconsidering water libes perched in the ice shell and close
to the surface. Here fluorescent orgamicleculesSromHu d s on b a intérlacei ce and
water were detected and characterized in our laboratory, usmgitu proxy
measurements and pure compounds as reference. pingotchumidike molecules, and
likely carotenoids are fluorescent organic molecules present in samples of ice and water
from three locations that follow a salinity gradient due to increased proximity to a river.
These molecules are more resilient to tiliedegradation, light, and iaaelting than
chlorophylls. Our spectroscopy results unmask the same trends observed previously
through microbiology analysi s, showing tha
rel ative di st an c esorgamic doritemt isesswisturbedvly frelshavatava t e r 6
inputs. Finally, biological degradation is a factor when comparing frasklfedice with
old-meltedice, likely due to the resilience of extremophilic life to the cold temperatures

of storage.

V.2 Introductio n

Some models of Europa and Enceladus predict the existence of communication
between different water bodies in the subsurfageich will likely incur a salinity
gradient(Schmidtet al, 2011; Walkeet al, 2015; Culbergt al, 2022) First,theocean

inEnceladussmodel ed t o be ver y(Afholderetah 2021t lwboEar t hé s
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et al, 2021) and thus the establishmenfiife as we know ibas a model when designing
life-detectionmissions is a plausible assumptid@econd,the ice brine channels and
perched water bodies constitute liqudter reservoirs much closer to the surface, and
thus much easier to samplidendrix et al, 2019) These freshwatewater bodiesare
analogue tdakes andputativecommunication channelgith flowing water arenalogue

to rivers,andthese complex hydrological structures coulékict explain the difficulty in
constraining the ice shell thickng&illings et al, 2005) The possibility of liquidvater
near the sibsurface and the likely presence of plumes allow speculatigarding
whether there might bedetectablebiosignatures These biosignatures mamnclude
fluorescent molecules such as biopigments and hiilkeicsubstancesdentifying the
chemical makaip of planetary field analogues of icy worlds is essential to pedpar
future missions to thesxtraterrestrialenvironmentgFoing et al, 2011; Kotleret al,
2011; Charet al, 2012a; Martinset al, 2017; Martins, 2020)Hudson bay is an iee
covered aqatic systemduring winter, with multiple inputs of freshwatefrom the
surrounding rivers, and as such, it contains colored dissolved organic mBi@Ev)
distributed along coastal margit€oble et al, 2014) Part of this colored dissolved
organic matter is fluorescermReported fluorescent components of aquatic organic matter
include proteins, tyrosine (Tyr), tryptophan (Trp)opigments, lignin phenols, humic
substances, and hydrocarbof@oble et al, 2014) Aquatic cDOM can be either
autochthonousvhenreferringto organic matter which originated in that location (e.qg.,
microbial production), orallochthonousf referring to organic matter transported from
the surroundig land (vegetation and/or soi{)Cobleet al, 2014) Fluorescence organic
matter from an aquatic environment is a mixture of compounds, some of which have
overlapping excitation and emission spedb@ing thus challeging to characterizeThe

position of maximum fluorescence across environments is variable, shifting along both
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excitation and emission axes in response to chemistry and the matrix effects, in this case,
water contentgCoble et al, 2014) Organic mattey dluorescence is one of the most
common life signatures of aquatic systems, being part of fDOM content, and is
characterized byhree main peak C (terrestrial humiike/soil and vegetation), M
(marine humidike/microorganisms), and T (tryptophdike) (Cobleet al, 2014) In fact,

the three aromatic amino aciddryptophan, tyrosine, and phenylalaninBuoresce in

the lower UV region when measured in pure fof@ory et al, 2005) with tryptophan
absorption maximumegisteredat 280 nm and emission maximum d0360nm (aex=
275280 nn) (Du et al, 1998; Dixonet al., 2005) Components of gak C emit at 20-

470n m  w h ey  328-365 mm The emission maximum occurs at 450 nm varying in
the width of the peak depending on the samptamponents of gak M emit aB70-420

nm wh eyr 29810 ren. Peak width is not constant but rather is dependent on the
relative amounts of fluorophores comprising the mixture in the sa(@uable et al,

2014)

Biopigments are fluorescent organic molecules produced by varioes ©yp
organisms for differenpurposessuch as biomass production and protection against
photooxidation, lack of resourcesnd drynesg¢Bonilla et al, 2009; Seelet al, 2020)

The distinct chemistry and optical properties of biopigmegtant them a statusf
importance asargesin the search fosigns of life (Wolstencroftet al, 2002;Seagelet

al., 2005; Baquet al, 2020) Previous results from studiesAmctic water bodies have
shown that the production of photoprotective biopigments is correlated with UV
penetration, and inversely correlated with temperature catated dissolved organic
matter(Bonilla et al, 2009; Przytulskat al, 2016; Coelhceet al, 2022 - Chapter 11).
Chlorophyll a and chlorophyll b are green pigments virtually universal in all oxygenic

photosynthetic organisms. Chlorophylls are porphyrins that act in the conversion of light
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into chemical energy by taking part in the light absorption and electrondranste
photosynthetic reaction cent@rossmaret al, 1995)C h | o r o gb$ogptioh spexctral
features are usually characterized by two regions: the Soret or B band, which is the most
intense peak and appears in the near UV regind the Qband, which is wead and
occurs in the visible region. Tt#oret band can also be accompanied by avahd of
lower intensity(Hasegaweet al, 1998; Sundholm, 1999; Ustet al, 2009) In pure
chloradorm, theabsorptionrmaximum ofchlorophyllsQ bands is previously reported to
be 670 nm and 659, for a andb respectively The absgption maximum of theSoret
bandsis 432 nm and 460 nymespectively(Wellburn, 1994; De Bonet al, 2010) The
Stokesshift is the differencef wavdengthbetween positions of the band maxima of the
absorption ad emission spectrgAlbani, 2004) The Stokes shifof chlorophylls
specifically in the region of the Q bar{®zalayet al, 1974)is very narrow being
preferable to use the maximum of tBeret band aexcitation wavelengtbr even lower
wavdengths The fluorescence emission maximuns baen reported to be 674 nm and
669 nm, respectivelgFiedoret al, 2003; Oktaviat al, 2021)

Phycobiliproteinsare molecules produced by cyanobacteria and algae that act as
primary lightharvesting photosynthetic pigmeragyng with chlorophylls. Phycocyarsn
areblue phycobiliproteirs that haveohycocyanobilin ashe chromophore. Due to being
watersoluble, phycocyanins are present in the interior of cyanobacterig[Egksen,
2008) In anaqueousolution, theabsorbancenaximum of phycocyansfrom Spirulina
(both crude and purified) is reported to be 62Q with a shoulder at 650 nrand the
emissionmaximum ha been reported to be 658 ninh e s =580 nm(Bockeret al,
2020) while some fluorescence variability ocsudepending on the subtype of

phycocyaim and organism. Thgtokes shift of phycocyanidspectrakignaturess thus
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also, very narrow (<38 nm)Glazeret al, 1983; Eriksen, 2008)sometimes being
necessary to choose a weargthf o &lowar than the absorption maximum

Carotenoids are broad family ofhydrophobicmolecules (>750 compounds),
found in all the kingdoms of liféArmstrong, 1997; Yabuzaki, 2017heir strudure is
characterized by lang polyene chain wittheconjugated double bond systéRraseret
al., 2004)responsiblefor their light absorption in the spectral regioh300' 550 nm.
Carotenes arasubgroup of carotenoidsharacterized by the absence of oxygen in their
structurg e . -garotenefManning, 2022)Carotenoids are highly resilient to oxidatjon
which will not eaily affectthe chromophore. What alteiseeabsorption spectréeatures
of carotenoids is the type of the solvemhich may be challenging to select due to their
hydrophobic naturéZanget al, 1997; Popova, 201.7n purechloroform the absgstion
maximum off3-carotene is previously reported to be 479 nm wisihoulder at 490 nm
and emission between 5381 nmwhen ex&420nm (Van Rielet al, 1983; Wellburn,
1994)

Upcomingorbit missions will focus orcollecting absoption spectral features of
Europabds surface toNASAMS I  Eyropas Clhieppert r g
spacecraft will be equipped with ultraviolet spectrographs Europa Ultraviolet
Spectrograph (EuropdVS) and Ultraviolet Spectrograph (UVS), respectivelyith a
spectral range 065210 nm which is too low to be able to detect complex organic
molecules and thus will only search for simple molecudes. H2, O, OH,CO,, CHa or
CHe). ESAG s J UbnGMl alsoitakesniboardthe spectrometer MAJISMoons
And Jupiter Imaging Spectrometgith aspectral range from 56800 nm, which would
be virtually able to detect some biopigments (namely thba@d of chlorophylls and

phycocyanis).
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The future mission Europa Lander is conceptualized to use fluorescbased
technology todetectbiomolecules(Hand et al, 2021) Thesefluorescence detectors
include Cold-Lightweight Imagers for EuropéC-LIFE), which incorporatesa light-
emitting diode(LED) flashlightable toidentify biogenic material through fluorescence
and Europa Luminescence Microsep(ELM), a lminescence microscope
complemented with a fluorescence spectrometer thatperfiorm excitation of native
fluorescence, using UVis for characterization of sample organic contgtandet al,

2022) This last equipmergould theoretically detect all organic molecules mentioned so
far in this chapter Finally, a labon-achip approach for fluorescence detection is
currently being developed fdyoth future Europaand Enceladus Lander Enceladus
Organic Analyzer (EOA) and the Microfabricated Organic Analyzer for Biosignatures
(MOAB) are fluorescence detectirased micriuidic instruments designed for targeted
in-situ analysis of potential biosignature compounds at the ppb levels and include the
detection ofamino acidsand carboxylic acidéGolozaret al, 2020)

To prepare for these missions more data using remote sensing applications,
photochemistry, and photobiology techniques to characterganic molecules from
analogue environments is needed. The use of airborne and-bsssce imaging
spectrometers to detect and npdgotosynthetipigmentss alreadyimplemented Sagan
et al, 1993; Serranet al, 2002; Careet al, 2018) However, advances in algorithm
development are still necessary before pigment concentrations can be routinely retrieved
from space to search for biosignaturesextraterrestrial environmersg, or even to
monitor Eart hoés changes. This willin requir
environments with differenfiluorescent biomoleculet® catalogue their signatures and
characterize the noise. New methods to identify and quantify individuwadescent

biomoleculesn the presence of overlapping absorption features would provide a major

108



advance in understanding their biological functions, quantifying net carbon exchange,

and prepang future orbit and lander missions to the icy moons of ther system.

V.3 Materials and Methods

IV.3.1 Reagents and solutions

All reagentsand compoundased in the present work were commercially available
and used without further purification. Chlorophydl (CAS:47961-8), chlorophyll b
(CAS:51962-0), and humic acidsGAS:141593-6) were bought from Sigmaldrich. (3
carotene CAS:723540-7) and phycocyanins fromSpirulina were baight from TCI
chemicalsThe purchasedhtorophylls and3-carotenevere ACS grade © 9 5).%lumic
acids and pycocyaninswere technical grade Spectrophotometric grade chloroform
(99.8%) was bought from Sigr#ddrich, and water was obtained fromNMillipore
system MillrQ (18.2 MN.cm, 25°C). For stock solutions, chlorophglichlorophyllb,
and Rcarotene were dissolved in chloroform to a concentration 6M @10 g/L, 10*
g/L, and 7302 g/L, respectively) Phycocyanins were dissolved in wate a final
concentration of 6x1® g/L (no molecular weight information was availablejumic
acids weredissolved in water to a final concentration 8x10° M (2x102 g/L), not
dissohing completely in agreement with previous protoco{Penruet al, 2012)
Chlorophylls and R-carotene were further diluted, in chloroform, into a final
concentration ofLl0° M (9x103 g/L and 5403 g/L, respectively) This final step was
taken considering thmolar absorption coefficier{f) of these molecules(Strainet al,
1963; Bennetket al, 1986) a variable oBeerLambert &aw, that translatesito the
amount of light absorbed by the substance faspacific wavelengthand directly

correlates with the concentration of the absorbing species.
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IV.3.2 Samples

Sampling was performed on the southeast coast of Hudson Bay near
WhapmagoostuKuujjuarapik in Nunavik, northern Quebec, Canada, an estuarine
ecosystengreatlyinfluenced byriver systemgBlais et al, 2022; Coelheet al, 202D -
Chapter II). Samples of ice and the water beneath the ice were collecightar
(February 2% and 28' 2019) when ice approximately-ri thick covered the bay
according taChapter Ill(Coelhoet al, 202D). Briefly, ice cores of 4n length and 9 cm
in diameterand water beneath the ice (L\ere collected from three different locations
- sites 1(55.39°;-77.61°), 3 (55.30°%:77.76°) and 4 (55.27°:77.81°) The geographic
location of sites 1 to 4 corresponds to a decreasing gradient in water salinity along the
coast, with site 4 representing the location with the lowest salinity due to its proximity to
the river(Figure IV .1). In total, 6 distinct sample groups were collected: 11, 1W, 3I, 3W,
41, and 4W (number s r epr esanndt ftWoe nsei atneisn, g wn

samples).

Figure IV.1 - Location of sampling stations on the east coast of Hudson Bay (Whapmagoostui
Kuujjuarapik, Quebec, Canada). Map data © Sen@n@ldapted from Figure 111.1.

Sample processing took place in the laboratory facilities available at the Centre

d 6 ®t Nodligues (CEN) research station located in WhapmageKsiujjuarapik.lce
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samples were decontaminated following the method in Chapt8edtion 5.lce water

(100mL) for samples 1 and@nhd water 100 mL)from allsamplesverestored separately

in sterile glass bottles, which weskipped to Portugal andaintained at approximately

4°C until spectroscopianeasurementsvere performedice melted water was named

the e af t-meltedfi o & d . Il ce samples for site 1 and
where they were maintained in freezing conditions, and were only melted before
measurements and nanmeltd afMémdatawas dolleated orii f r e s h |
siteusing a multiparameter water qualfiyobe(YSI model EXO2®), which was placed

in the water after extracting the ice cores. The data collected comipS&diin quinine

sulfate units(QSU), chlorophyll a (ug/L), and cyanobacterial fluorescenB&A-PC
(phycocyanirsin pg/L) through fluorescent detection. Snow depth (cm) on top of the ice

surface was also measuredsite.

IV.3.3 Instruments and measurements

IV.3.3.1 Absorption

The electronic absorption of the standard solutions and samaéesasrded at room
temperature in quartz cuvettg.5 x 12.5 x 45 mimwith an optical path length of 1.0
cm. Theabsorptiorspectra were recorded between 300 and 800 nm for chlorophylls and
[3-caroteneand between 250 and 800 nm for humic acids and glygoins, using a Jasco
V-660 UVi VIS spectrophotometefas used inBaraketet al, 2020) As a blank
chloroform was used for measurements of chlorophyllsiacatotenewhile water was

used for measurements of phycocyanins and humic acids.

IvV.3.3.2 Fluorescence (steaetate emission spectra)

Fluorescence analyses were performed for standard solathwhsamples with a

Fluorolog FL-1040 Horiba Jobin Yvorspectrofluorimeter(as used irBaraketet al.,
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2020) Standard solutions and samples were measurgdairiz cuvettegl2.5 x 12.5 x
45 mn), at room temperature. Fluorescence analyses in thé/I3Vregion were
performed using the S1 detector, where excitation wavelengths varied between 250 nm
and 650 nmand the acquisition between 280 nm and 800 nm. In cases where emission
was observed, the respective excitation spectra were also collected. Excitation and

emission slits varied according to the characteristics of each sample.

V.4 Resultsand Discussion

IV.4.1 In-situ measurements

There is an inverse relation between snow depth (cm) and the concentration of
photosynthetic pigmentSTable 1V.1). Less snow cover signifies more access to light

photons, a requiremefdr photosynthesis.

Table IV.1 - In-situ measurementsf snow depth (cm), chlorophgl(ug/L), phycocyaning BGA-PC
(ug/L) andfDOM (QSU)in the watemf sampling sited, 3 and 4 A more complete format of this table
is available in the appendixTable IX2.

Sampling | Snow depth | Chlorophylls BGA-PC fDOM
site (cm) (ug/L) (ng/L) (Qsy)

1 20 0.86 1.49 359

10 1.40 2129 301

4 37 0.92 1.44 415

More photosynthetic activity will increase the autotrophic biomasd thus the
numberof pigments. Indeed, the results of the amplicon sequencing of the 16 rRNA gene
(Coelho et al, 202d) show that cyanobacteria,producers of chlorophylls and
phycocyanins, were more abundant in site 3 in contrast with the other studied sites. The
predicted quantity of fDOM is lowam ssite 3 and highesnsite4 The probeds sen
to fDOM detection may be more tailored to detect more hdikecmolecules (Peak C)

instead of microbial molecules (Peak M), and thus it will detect less fDOM when
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photosynthetic organic matter appearde increased (site 3) and more fDOM where the
river influence is more pronounced (site 4). In this case, sensitive spectroscopic

equipmentsuchas the ones used in laboratories, is needed to confirm this hypothesis.

IV.4.2 Characterization of spectral featuresof pure fluorescent organic molecules

Chlorophylischaracterization through UVis spectroscopy shathe two expected
absorptiorspectral featuresf chlorophylisi the Soret band and Q ban@Figure 1V .2).
Our measurements ohlorophyll a in chloroformrecorded ammbsorption maximunof
the Q bandat 667 nmand for the Soret barat 434 nmwith other smaller peaks 885,

380, and 415 nm.
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Figure IV .2 - Normalized absorption (dashed line) and emission (solid line) spectra of chlorafitgH
M; 9x10°2 g/L], chlorophyllb [10° M; 9x10° g/L], R-carotene [16 M; 5x10° g/L], phycocyanins [6x18
g/L] and humic acids [9x1OM; 2x10? g/L]. Chlorophylls and-carotene were solubilized in chloroform
and phycocyanins and humic acids in wae= 380 nm for chlorophylh, "Ax. = 350 nm for chlorophyll
b and humic acidshy.= 336nm for R-carotene andh.= 590nm for phycocyaninsEntrace and exlits
width: 5 nm

113



Chlorophyllb in chloroform recorded absorption maximum of Q band at 650 nm and of
Soret band at 460 nmwith two smaller peaks at 600 and 350 nRiggre 1V .2).
Fluorescence emission of chloroprg/hows a signature peak at 680 nm, with a shoulder

at 740 nm when exciteat 380 nm, and chlorophylemits fluorescence at 660 nm, with

a shoulder at 700 nm when excited at 350 nm. These \ahpesximatevhat is reported

in the literatur§Hasegawat al, 1998; Sundholm, 1999; Fiederal, 2003;Ustinet al,

2009; Oktavieet al,, 2021) 3-carotene in chloroform recorded the maximum absorption

at 468 nm, and smaller peaks at 336, 412, 440, and 49€igord 1V .2), similarly to
previously reported valug®opova, 2017)Also, as expected, emits fluorescence at 530
nm with shoulders at 427, 455, and 484 nm when excited at 33&%amRiel et al,

1983; Wellburn, 1994)Phycocyanins recorded maximum absorption at 617 nm, and
emission at 647 nm when@ted at 590 nmKigure 1V .2), which are values close to the
previously reported for both pure and crude phycocyatiiicker et al, 2020) The
excitation waviengthof 617 nm was tried first but, due to the modest Stokes shift, it only
captured half of the emission peak, and thus a marginally lovetiagan wavelength

had to be applied instead. Humic acids recorded a continuous absorption band with a
small peak at 267 nm. Excitation at 350 nm showed one of the best quality emission peaks
between 370 and 580 nm, witin emission maximum at 46482 nm, with a less
accentuated curve, likely due to its heterogeneity. These values agree with the known

fDOM references for peaks C and(Mobleet al, 2014)which are possibly overlapped.

IV.4.3 Spectral characterization of envionmental samples

The first spectral signature investigated was proteins, which usually register an
absorption maximum between 22B0 nm, and emit between 3830 nm. Oldmelted

ice samples from sites 1 and 3 showed very similar absorption signaturesveitbar
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peaks at 280 nrtFigure 1V .3). However defined emission features were attaineésat
=280 nm In thewater, only 3W had a clear absorption featur@&s nm.

Ice absorption features had clear differenfresn water.First, water absorption
values reach a minimum at lower wéarggthsthan ice.lce samplesecordedmaximum

emission peakbetween 32840 nm, suggesting the presence of tryptophan
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Figure IV.3 - Normalized absorption (dashed line) and emission (solid line) spectia-ofeltedice
samples (11 and 3l) and water samples (1W and 3= 280 nm for 1l and 3[Ax. = 300 nm for 1W
and’Ax.= 278 nm for 3W?* Asterisk denotes a peak resulting from solvent Raman scatténnace and
exit slitswidth: 5 nm

While thefluorescentsignature that appeared in is&h a peakat 325340 nm was not
visible in the water from sité, it was faintly present in water from site\8hich would

be arexpected result if this signature is indeed tryptopfais site registered the highest
concentration of photosynthetic pigmeitssitu (Table IV .1) and the highest microbial
density in samples from this location as shown in chaptéCdélhoet al, 202D). Roles

of tryptophan in photosynthesis including its use in the biosynthesis of chlorophylls have

been describefVavilin et al, 1999; Gondelet al, 2021)

115



A second signature appears howaaed\W, which also seems to be present in 1W
with a peak maximum between 4365nm, andcovering the whole region between 400
500 nmfor 3W and 356650 for 1W which suggests the presence of both fDOM known
peaks C and Nin both water samples, and possibly some residual overlapping features

of [3-carotene (or other carotendille) in 1W.
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Figure IV .4 - Normalized absorption (dashed line) and emission (solid line) spectia-ofeltedice
samples (1l and 3I) and water samples (1W and 3W)= 350nm.* Asterisk denotes a peak resulting from
solvent Raman scatteringntrace and exglitswidth: 5 nm

Further investigation was performed to detect peaks C and M which were
previously hinted in water samples kigure IV .3, although not quite in the known
optimum excitabn wavelength between 3(B50 nm. Thus, inthis second analysis
(Figure 1V .4) all samples were excited at 350 nm, the optinfya= 350 of peak CThe
results are what appetr bethe same signature in water from sites 1 and Biguire
IV .3 - a peak covering the region between &30 nm (now interrupted earlier by the
Raman featuré i.e.,inelastic scattering of the incoming light from the soly#ms case,
the matrix) suggestive of the presence of peaks C and M, and again pdssdnigene

overlapping.
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The maximum of the peaksabroadcurve instead of aarrowpeak and diffes slightly
between ice and water and not as much along the salinity grésltent higher salinity,
site 3 lower salinity)with water samples having an emissinaximum between 45070
nm (closer to peak Cand ice samples between 422 and 446(doser to peak M)

While the presence of several chlorophylls in Hudson Bay is demonstrated by the
in-situ data(Table 1V .1), further investigation on higher wdeagthsto invesigate the
detectionof chlorophyllsthrough spectroscopgid not produce any resultsuggesting

biological and/or photodegradation.

IV.4.4 Spectral differences between old and freshly melted ice samples

Freshlymeltedice samples have a different absorption and emission signature
from old-meltedice (Figure 1V .5). First, absorption spectra recorded the steepest peak at
approximately 280 nm a more distinct absorption peak T (tryptophan), and second,
absorbance values reached zamund 400 nm.

The emission signature is also more defined in frestditedice thanin old-
meltedice samples when excited at 280 nm, although both recorded a maximum emission
between 314852 nm. In both results the resemblance with pure tryptoumahosphate
buffer, is significant. Though, themission maximunhas a slight shift to thright of 10-

20 nm when the melted water is fresh recording a maximum at3322nm, making the
spectral feature almost identical to pure tryptopHdre fresher the ice, the clearer the
tryptophan signature, either in absorption or emission spectfactinthere is an earlier
interruption by Raman peaks in eldeltedice samples.

Raman features are matibependent and although the matrix of both samples is
the same(ice melted watgr the time between melting the ice and measurements

apparently affeted the matrix.
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Figure IV .5 - Normalized absorption (dashed linesjcitation (solid grey line)and emission (solid black

line) spectra of ice samples from site 1. Tryptophan spectra (solubilized in phosphate buffer, 0.1 M) added
on the rightf or compari son, s o (Du et a,: 1998; iDixanet al h2008)TAESID

means measurements were taken right after melting (frestledice). Axc = 280 nnr Asterisk denotes a

peak resulting from solvent Raman scatterlagtrace and exitlits width: 5 nm

A reason may be the fact that during fieemation some microbial cycles will freeze and
some of the excreted moleculeas tryptophan may bewill be preserved.
Also, UV light is not an especially penetrative type of radiation form, and thus, not being
particularly efficient in unmasking molelar content inside cells, especially the ones in
less exposed microbial layers. Thus, an increase in tryptophan in fresh ice results may be
linked with cell lysis and freedom of internal molecules, such as amino acids and proteins,
to the exterior. In canast, oldmeltedice was stored at 4°C and the microorganisms that
could resume their activity after igeelting had a new opportunity of proliferating and
recreating a new version of their ecosystem, now dominated by the survivors. This would
result in he recycling of the excreted proteins and amino acids which would not be in the
matrix but instead internalized in the cells and thus less available to interact with light
as spectroscopy techniques require.

Old-meltedice showed a second distinct pea&tvireen 37480 nm, the peaks C

and M signatures. ThieesHy-meltedice (11 Fresh)did not show such a definite peak
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which could either be a result tfeabsence of detectable organic matter or be a result of
concentration bias, which we are not consirgy. Future analysis with concentration

gradients should be performed.

IV.4.5 Spectral characterization of samples fronthe transition between marine and

terrestrial ecosystems

Freshlymeltedice from site 4(Figure IV.6) recorded a different absorption and
emission pattern than freshipeltedice from site 1(Figure IV .5). In ice from site 4,
there was still some marginal absorption signal at \eagthshigher than 400 nm while

on freshlymeltedice from site lalmost no signal was visible after 400 nm.
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Figure IV .6 - Normdized absorption (dashed line) and emission (solid line) spectra of (upper left)freshly
meltedice samples from site 4 (4l) located at the Great Whale River mouth, (down left) from the water
underneath (4W), (upper rightyptophan (solubilized in phosate buffer, 0.1 NifromPh ot oc he mCADE
(Du et al, 1998; Dixonet al, 2005)and (down right) humic acids (partially solubilized in water). Fresh
means measurements were taken right after meligg= 300 nm for 41, 4W antumic acidsandAx: =

280 nm fortryptophan* Asterisk denotes a peak resulting from solvent Ramattesitay. Entrace and exilits

width: 5 nm

The spectra of 4lsimilarly to oldmeltedice, also include what seems to be an
interrupted tryptophan signature (the Raman feature also occurred when applied the

optimal’Ax.= 280nmi data not shown Tryptophanalsoknown as autochthonoi@OM
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in aquatic systems, is thus present in ice from all sites (1, 3, and 4), which suggests that
sun exposure, salinity, and proximity to the river inputs are not relevant factors to the
conservation of this fluorescent amino acid in the ice cover of Huglapn

A faint emission signature of what might be organic matter, with a possible overlay
of 3-carotene or another carotendike molecule was recordeah ice (Figure 1V.6).

While the presence of carotenoids is demonstrated by the microbiology characterization
in Chapter Ill more specifically, the cultivation resuli{Coelho et al, 202d),
spectroscopy results do not appear to be clear on their detédtisns smilar to the

failure of UV-Vis spectroscopyand fluorescence spectroscopgalysisin detecing
chlorophyllisthat it isabovereported which may be attributed tdegradationthe same

could have happened to carotenoids, at least in water aimledieldice.

In the natural environment, biodegradation and photodegradation can happen
simultaneously (Hansen et al, 2016) Pigments are labile molecules, especially
porphyrinbased pigments such as chlorophylls. Carotenoids eadure more
photooxidative exposurgéhan chlorophylls not easily losing their ability to emit
fluorescencé shifting insteadthe transmitted wavelengihchanging colors visibly. In
water and oleneltedice, surviving microbes had a long time to adapthe new
ecosystem of the sampling bottle. While the temperature of 4°C would not prevent the
growth of some of the present groups, the lack of radiation in the storage room could
attenuate their expression of biopigments, since their use isdégieindery and thee
moleculesare very expensive for a biological system to produce. In fact, the production
of microbial carotenoids has been proved to follow positively the radiation incidence in
cold watergRooset al, 1998; Bonillaet al, 2009 and references thereifthus, it is
plausible that freshiyneltedice will have a more distinct carotenoid signature since the

pigments were conserved untilanalydise i ng t he c¢cl osest copy of
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natural cryosphere. The presence of the putative carotesigiusture in fresimelted

ice from site 4 and apparent absence in fresttedice from site 1 could be related to
the location with most snow covir-situ, enabling some extra photopreservation before
sampling, or it could be related to the closeneskdaiver. The question remains if the
putativecarotenoidshay appeart to bgresent are more autochthonous or allochthonous
(e.g., from microorganisms or plants).

Water from site 4 however, likewise the other analyzed water samples, shows a
very similare mi ssi on peak to the humic acidsodo emis
C and M, although with a marginal shiftlemger wavelengthsf 30 nm likely due to the
complexity of the environmental matrix.

It would be expected that Hudson Bay has narechthonousDOM while the
river plumehas moreallochthonou©OM (e.g., type C humic acids). Chapter 11l shows
how the ice seems to be more related to the marine microbiome while the water
underneathis dominated bymicrobial groups usually associated witheshwater
environmentgCoelhoet al., 202d). The spectroscopy results agree with the previous
microbiology results since the hurdike organic matter was present in all water samples
regardless of proximity to the rivewhile water shows no definite tryptophsignature.

Thisis likely due to how extensive the Great Whale River plisméhen Hudson Bay is

ice-covered(Ingramet al, 1987)

IV.4.6 Applications to life-detection space missions to the icy moons

Tryptophanandmaybephenylalanineind tyrosineappear to b#gical candidates
for biosignatures to look for in the near subsurface ice of Europa and Enceladus,
especially the ice surrounding the perched water bodies closer to the sddaeser,

future studies constraining fundamentally the link between trjxatopnd photosynthesis
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would be important for the definition of new biosignatures since tryptophan is more
resilient than biopigments.
Humic moleculesare a natural byproduct &arth ecosystems, however usually

associated with macroscopic forms of lifdne putative life oEuropa and Enceladis
more likely to be microscopid he oceans from the icy moons are modeled to be global
and to have contact with a hot seafloor with possible hydrothermal activity and
geochemical reaction€hapter Idescribedhow extensivethe expected chemical flow
generated between the rocky core and the seafloor of the icy nsanguding the
leaching of the core materials into the interior ocegunch a massive water body, if
habited, could be the home of several different ecosystems (e.g., hotter closer to the
seafloor and colder imansitionwith ice) erclosed in aunique subsurfacehere biomass
recycling would be inevitable. And Europan ad Enceledarputativelife is made of
carbon,thensubstanceike dark humic molecules could be the product of degradation
of extraterrestrialsmall watetbased lifeforms. Also,photoexposurean mask the DOM
source signal by making algderived DOM reemble that of soitlerived DOM(Hansen
et al, 2016)

Pigments are one of theiorities biosignaturedo search for when searching for life
in the solar systerfBaquéet al, 2020)andbeyond(Coelhoet al, 2022, see Chapter
V). In Europa and Enceladysutativeanalogous molecules to biopigmentaild shield
microorganisms in water bodies closer to the surtaganstradiation (Russellet al,
2017; Nordheimet al, 2018) In habitableexoplanetsextraterrestrialpigments could
cover whole planetsThus, it is important to extend the present work to include
experimentaldesignsusing U\-Vis spectroscopyand fluorescence spectroscopy
different time points to learn more about the pigments signatures in analogue

environments to the icy worlds as well as their different degradation patterns. It is also
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important to use different analytic methodologies suchHagh-performance liquid
ChromatographyHPLC) which are widely used bscientistsandthushavea robust data
recordavailable It is important to complement studisgchas these wittmicrobiology
analysis to link the signatures with the present microorganismbettet definevhich
signaturesare autochthonousand allochthonous Finally, enriched suspensions with
pigmented microbes isolated froptanetary field analoguet® icy worldsshould be
measured to build a catalogokspectral signatures tailored to icy environméntsearch

for life in icy exoplanet$ which may have a great part of their surface landscape covered

with biopigmentdike molecules

IV.5 Conclusions

The spectral dracterization of the fDOM of Hudson Bay, a planetéigd
analogue to the watéce interactions on Europa and Enceladugports @iture missions
to these two locationwith reference data, crucial for the design and preparation of the
spectroscopic edpment on board, as well as for the interpretation of future results.
Tryptophan, humidike molecules, and likely carotenoidgere detectedthrough U\
Vis spectroscopy and fluorescence spectrosdopge and water samples froAudson
Bay. While water amples showed clear signatures of humic substances, ice revealed
tryptophan features, agreeing with microbiology results present in the previous chapters.
The feature of tryptophan was more distinctive in freshéjftedice as opposed to old
meltedice. Incontrast, the humic acids signature was less pronounced in frashd
ice, likely a result of biodegradation from the caldapted bacteria that-populated old
meltedice samples in the cold temperatures of storage. Overall, our preliminary results
suggest that humic acids, carotenoids, and tryptophan are spectral signatures more

resiliert overtime to biodegradationsolar radiationand ice meltingwhen compared to
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chlorophylls Future missions to the icy moons of our solar system should thusléncl
spectroscopic equipment covering the UV to the visible spectrum. Finally, the next steps
of planetary field analogue studies aiming for the preparation of future missions to the icy
worlds should includan-situspectral characterizations, degradatssays, and reference

databases of these molecules.
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V.1 Summary

With thousands of discovered planets orbiting other stars and new missions that
will explore oursolar system, the search for life in the universe has entered a new era.
However, a reference database to enable our search for life on the surface of icy
exod anets and exomoons using records from Ea
developed a spectra catalogue of life in ice to facilitate the searaxtiaterrestrial
signs of life. We measured the reflection spectra of 80 microorganisvith a wide
range of pigmentsisolated from ice and water. We show that carotenoid signatures are
wide-ranged and indisputable signs of life. Our measurements allow identifying such
surface life on icyextraterrestrialenvironments in preparation for observasavith the
upcoming ground and spacéased telescopes. Dried samples reveal even higher
reflectance, suggesting that signatures of surface biota could be more intense on
exoplanets anémoonsthat are drier than Earth, or on environments like Titan where
potential life forms may use a different solvent.

Our spectral library covers the visible to na#rared and is available online. It
provides a guide for the search for surface

icy environments.

V.2 Introducti on

More than 5000 planets orbiting other stars have been detected to date
(exoplanets.nasa.gpiarch 2022), with dozens of Eartkized planets orbiting in the
temperate zone of their stgféaneet al, 2016; Bergeet al, 2018)that would allow for
liquid water on the surface of d&arthlike planet. Upcoming groundased Extremely
Large Telescopes (ELT,Ss well as theecently launchedames Webb Space Telescope,

can search for signs of life on extrasolar plai@&t+Ami et al, 2018; Serindagt al,
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2019) However, the detection of a planet in the temperate zone does not guarantee its
habitability (Kaltenegger, 2017)Detailed characterization requires observations of the
pl anetds or moonds spectrum to asdt®ss its &
to atmospheric biosignatures pairs like &d CH or Oz and CH (Lederberg, 1965;
Lovelock, 1965) several studies explored whether surface featunaglsl endicate life in
the spectrum of an exoplan@&@eageet al, 2005; Schwietermaetal, 2 015; - O6 Mal | e
Jameset al, 2018, 2019)Future large spadeased telescope designs such as the Large
Ultraviolet Optical Infrared Surveyor (LUVOIRE.g. Kouveliotowet al., 2014)and the
Habitable Exoplanet Observatory (HabE¥.g., Mennessonet al, 2016) are being
formulated to explore biosignatwim the atmosphere and on the surface of exoplanets.

Biological pigments dominate many diverse landscapes on Earth and are present in
a wide range of organism@egdeet al, 2013, 2015; Schwietermagt al, 2015)
Pigments of microbes present in green algae bloomsfipmlat er mel ondo snow, r
crystallizerpondsand heterogeneous microbi al mats ar
that can be detected from orbiting satellif€ren et al, 2001; Lutzet al, 2016;
Williamson et al, 2020)as well as spaemissionslike the Galileo Prob¢Sagaret al,
1993) Biologicalpigments on the surface of the Earth could have indicated life for up to
2 billion years( O 6 MaJanhegetyal, 2018, 2019)Pigmented organisms have unique
reflectance signatures to search for on exoplanets orbiting othefHegdeet al, 2015;
Kaltenegger, 2017; Fujet al, 2018) A previous color catalogue of life by some of the
authors of this study (Hedg# al.published in 2015) established a database of reflectivity
spectra for a diverse set of 137 biota from different environments as it would be seen on
an exoplanefHegdeet al, 2015) However, the database did not include any biota from

frozen environments.
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A great abundance of pigmented microbes found in the highly diverse ice raicrobi
community(Vincentet al, 1993; Vincentet al, 2004)- isolated from the Arctic and
Antarctic, whichinclude locations that aniey planetary fieldanaloguegMartinset al,

2017)- suggests that icy worlds orbiting other stars as well as icy moons in low radiation
environments in theolar systemmay provide promising targets for the search for life.

Life may have even started on Earthinditeesec al | ed A c ol dpothesis gi n of
(Price, 2007)

Ice is widely considered an extreme habitat for life. Besides extreme dryness and low
temperatures, radiation can be excessive in this environment. Ice acts as a selective agent
against organisms that are not efficient in photooxidative protetiemoineet al,

2010) Hence, pigmented organisms have been reported to be dominant in the microbiota

of icy environmentgCottrell et al, 2009; Marizcurrenat al, 2019)

Most of these pigments have a role in photosynthesis (e.g. chlorophylls and
carotenoids). Photosynthetic pigments absorba@rannel part of the incoming light as
usable energy for organisms. Photosynthesis turns inorganic carbon into biomass using
light as the energy source and molecules such as g.8L8, F&*, or HO, as electron
donors. Photosynthetic pigments becomeéliard while capturing light photons, and
redirecttheir energy(Basshanet al, 1960; Cohert al, 1986)

While chlorophylls are virtually universal among oxygenic photoautotrophs
(Lubitz et al., 2019) carotenoids are widespread among the three domains of life,
including nonphotosynthetic organisms (e.g. heterotropf¥gbuzaki, 2017) Due to
their hydrophobic nature, they are immersed in biological membranes, playing a role in
the modulation of membranfluidity to survive under low temperature conditigSeel
et al, 2020) Carotenoids also behave as lighsorbing chromophores playing important

roles in photooxidative protectiofMathewset al, 1959) Radiation is deleterious to

128



biomolecules, such as DNA and proteins, and creates reactive oxygen species (ROS)
which are major oxidative stress agei@arotenoids quench photosensitizers and singlet
oxygen consequently becoming oxidized and dissipating excess energy and oxidative
power, protecting other sensitive molecules. Their cal@pends on chemical
modifications of the original molecule determthby the number of conjugated double
bonds within the hydrocarbon backbdAemstrong, 1997)As aresult of oxidation upon
radiation stress, carotenoids change the color of organisms turning them yellow, orange,
pink, or ultimately red(Latowskiet al, 2011) Thus, the presenad carotenoids in icy
biota is a strategy of adaptation to the extdgneeld temperatures and high radiation
analogues to conditions ektraterrestrialicy environmentgDieseret al, 2010)

A reference database of biota in icy environments on Earth is a critical tool to
enable our search for life on the surface of icy exoplanetsrandns. Thus, we created
such a reference catalogue for life in ice by measuring the reflection spectra of 8 colorf
microorganisms, isolated from ice and water below the ice, collected in the Canadian
subarctic, to identify potential signs of life on icy worlds.

The ice and water come from the mildly briny Hudson Bay and the Great Whale
River (freshwater) that floadinto the bay. The isolated microorganisms used in this study
were previously identified and include 77 bacteria, 1 yeast (all heterotrapks} algae
(photosynthetic). Our database provides a crucial tool to detect and identify potential

signatures ofife on icy planets and moons orbiting other stars.

V.3 Materials and M ethods

We collected the 80 microorganisms from ice and water at Kuujjuarapik, Canadian
subarctic, in collaboration with Université Laval during the winter of 2019. The

microorganisms deng to the Culture Collection of psychrotolerant and psychrophilic
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subarctic strains of the University of Lisbon, Portugal (78 isolates from Instituto Superior
Técnico and 2 isolates from Institut@®uperior de Agronomia). From the 80
microorganisms, 66 &re isolated from the Hudson Bay (salinity approx. 1%) and 14

from the Great Whale River (freshwater). No particular pigment was dominating the
landscape on those sampling days, allowing for less challenging cultivation of a more
diverse group of pigmentealicroorganisms afteravd. They arrived at Zinder lab on

solid media and were stored at 4°C before transfer and growth. All hemispherical
refl ectance measurements were performed at
Environmental Engineering at Cailh University. Both labs are part of the

interdisciplinary Carl Sagan Institute at Cornell.

V.3.1 Samplepreparation

We grew bacteria and fungi i n Reasoner 0s
AcetatePhosphate (TAP) liquid media at -28°C. The heterotrophicultures were
grown aerobically up to a stationary phase, except for phototrophic cultures which were
grown under 1éours light/8hours dark cycles, using white light. All cultures were
grown at room temperature. Depending on the isolate, the timegedaoi growth varied
from about 24 hours to 1 week. All procedures during the culturing process occurred
under sterile conditions. Pure sample cultures were transferred to 50 mL Falcon centrifuge

tubes until filtration.

V.3.2 Spectrometersystem

We used an ASD FieldSpec 4 Spectrometer, which covered the wavelength range
from 3502500 nm at intervals of 1 nmand an ASD integrating sphere to measure the
reflectance of our samples, as described in Hegde(Hegdeet al, 2015) Bidirectional

reflectance measurements at a single viewing angle often result in a poor approximation
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of the albedp especially if, for given biomass, the sample laasigh bidirectional
reflectance distribution function (BRDREhisotropy(Kriebel, 1978; Hegdet al, 2015)
For exoplanets, remote observations will be dint&grated, and hence diskegrated
reflectance measurements that use hemispherical geometry are needed for more realistic

surface albedo modeling of Eattke exoplanets.

V.3.3 Samplemeasurements

We deposited cultures on a 25 mm plain white mixed cellulose esterGildénm)
using a 10 mL synge and a filtration system as described previo{i$ggdeet al,, 2015)
Cells were homogeneously layered when deposited onto the filter sufidegtieet al,
2015) and the saturation limit was reached at about 20 mL of cell suspension for most
cultures. The sample was then used to acquireragblution hemispherical reflectance
measurements using the spectrometer system described before. The same aample w
measured at 2 different times: immediately after being deposited on the filter (fresh) and
after 1 week (dry). Translucent cultures were measured as biological control. Unused
filters, filters with only culture medjaand filters with only water were rasured as

experimental controls.

V.3.4 Microscopy

The micrographs were obtained by analyzin
sample fixed on agar slides througiNi&on Eclipse E60Gnicroscope. Micrographs of
cells were taken under a brigfield with phasecontrast (PH) microscopy at 400x

magnification for all samples and 1000x (using immersion oil) for all bacteria.
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V.4 Results

The 80 pigmented microorganisms were previously isolated from ice and water
below the ice, collectethe Canadian subarcti@and icentified using rRNA genbased
taxonomic affiliation:77 isolates are bacteria belonging to the piidateobacteria
Actinobacteria Firmicutes, and Bacteroidetes Three are eukaryotes: fungi from the

division Basidiomycotand microalgae from the phylu@hlorophyta

Figure V.1 - Six samples of psychrotolerant microorganisms of the 80 diverse microorganisms collected
from Arctic ice cores: isolates from (top left to rigi$phingomonasp. (bright and dark orange),
Microbacteriumsp. (yellow), (bottom left to right\rthrobactersp. (pink), Chlorophytaalgae (green) and
Bacillus sp.(white).From Coelhoet al, 202, in Astrobiology
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Figure V.1 shows an example of the diversity in color among six samples from the 80
isolates: Sphingomonasp. (bright and dark orangelicrobacteriumsp. (yellow),
Arthrobactersp. (pink),Chlorophytaalgae (green), anBacillussp. (white), along with

their photomicrographs.
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Figure V.2 shows the diversity in color signaturesppgmented biota isolated from an
icy environment on Earth: we group different organisms by their col@kow, orange,
pink, green, or whiteUnpigmented translucent organisms (clear) act as a biological
control for uncolored pigments/unpigmented bimtaour measurement3he colors of
the pigments have the strongest influence on the reflectance spectra in the wavelength
range between 0.8 . 7 e m ( s ee t hRguré\22). dheblueplateddines i n
in each graph shows the experimental control spectra i.e. a filter containing only culture
media. Fresh samples are showirigure V.2A and dry samples iRigure V.2B. The
reflection spectra of the collected biota changed with water coriaire V.2 (left)
shows the reflection spectra shortly after depositing the fresh organisms on the filter
representing a hydrated sample (fresigure V.2 shows the dry reflection spectra after
one week of deposition of therganisms on the filter (dryfresh samples showed a
weaker reflection than dry samples. Indeed, strong water alsofptitures can be seen
around 1.5 and 2.0 em i n FigueVRFreshbamglesmpl| e r
correspond to life on a planet like the Earth, withilabde liquid water.Dry samples
provided a stronger reflection of the pigment for all samples, because the water, which
reduces the reflectance, had been evaporatedred edge peaks at a slightly higher
wavelength for some dry samples than it doe$rémh ones: For carotenojdkis agrees
with a known strategy to endure oxidatifviitek et al, 2017) Translucent samples
(clear) showed a similar reflection spectrum to the expartad control (only culture
media) for both fresh and dry samples.

Related organisms (same taxa) can have very different colors and thus different
corresponding reflection spectra (deigure V.2). Moreover, yellow, orange, and red
carotenoids are produced by a wide range of organisms: photosynthetic and non

photosynthetic bacteria as well as eukaryotes such as algae, fungi, an@pfastsong,
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1997) Although specific colors can be abundant in specific phyla, they are notie&clus

of any phylum or genus as discussed below fsgere V.3).
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The collection of ¢e microorganisms shows neither color relation between

heterotrophic (noiphotosynthetic) organisms from the same phylum nor a relation
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between their genus and specific color signatuFes. example Brevundimonasand
Sphingomonasboth Alphaproteobacteriahave very different spectr&edobacterand
Rhodococcudrom theBacteroidetesindActinobacteriarespectively, are more uniform,

likely because of the few representative isolates of these genera in our d&ighese

V.3. Almost all these genera share the same colors. These are expected results from colors
given by the presence of carotenoids. These traits are not produced as primary metabolites
and may even bpassed through lateral transfer events between unrelated organisms as
will be discussed later. The spectral features of carotenoid pigments are broad

indisputable signs of life, but they cannot be associated with a specific organism.

V.5 Discussion

V.5.1 Carotenoidsas potential biosignatures in icyextra-terrestrial environments

We find no relation between the phylum of the tested heterotrophic organisms and
their color signature as shownhigure V.3 (see also discussion in Hegeleal, 2015).
Carotenoids are widespread pigments among the three domains of life, and thes color
highly dependent on interactions with the ecosystem. It has been suggested that the
evolutionary pth of microbial carotenoids appears to be more-lik&binstead of tree
like due to the occurrence of extensive lateral gene transfer, gene loss, and gene
duplication event¢Klassen, 201Q)Lateral gene transfer can occur between individuals
of different taxa, which means that the gener gene cluster underlying pigment
biosynthesis will not exclusively be passed through its hereditary line (vertically) but
will instead bdineageunspecific and feature in unrelated places of the evolutionary tree
(being more relatable with a web). Carotenoids are signatures of life not limited to a small
taxonomic group of organisms or specific populations of both photosynthetic and non

phaosynthetic groups.
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These molecules cover different physiological roles in the overall adaptation of all
types of cells to conditions found in extrdgnecold environments, such as low
temperature, radiation, photooxidation, lack of resources, and dryifresgunctions of
carotenoids include energy dissipation, antimicrobial activiteasd regulation of
membrane fluiditfLemoineet al, 2010; Seett al, 2020) These physiological functions
would be useful for |ife beyond Earth as
landscapes like salty red lakes. Pink and red carotenoids present in lakes and snow have
been detected by astronauts on the International Space Station (ISS)
(https://eol.jsc.nasa.ggyspectrometers flyingt high altitudes, such as Airborne Visible
InfraRed Imaging Spectrometer (AVIRI®Painteret al, 2001; Serranet al, 2002;
Daltonet al, 2009) and NASA Airborne Snow Observatory (AS@areyet al, 2018)

Future large spadeased telescopes designs like Hab&g. Mennessoet al., 2016)
and LUVOIR (e.g. Kouveliotouet al, 2014)could search for blooms of microbial

pigments on exoplanets to detect carotenoids.

V.5.2 Dry samples reflec¢ stronger: Implications for searching for life

Dried samples show more intense colors and a higher reflectance overall than fresh
samples in our studies, indicating that water absorption reduces the reflectivity of
pigments.In our study, fresh sampléBigure V.2) havehigherwater content than dry
samples, which arelried for one week(Figure V.2); Water evaporatesvhile the
pigments remain on the filter. The water absorption features also decrease for dry
samples, shown iRigure V.2at about 1.5, and 2.0 teem wi t h
specific pigmentiDalton et al, 2003; Hegdeet al, 2015; Ball, 2017)A recent study
using Raman spectroscopy on carotenoids also shows hiigineerd signal intensities
on dried cell§Baquéet al, 2020) consistent with our results. This increase in reflectance

of dried cdis is likely due to the change in the relative index of refraction at the water
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cell interface as the cell dries. The relative index of refraction at the-agltenterface

is relatively small and would tend to enhance the absorption into the cell. ttéhemater
evaporates, the higher relative index of refraction would lead to increased reflectance at
the surface (and less absorption). A similar phenomenon has been described for sand
particles as the water evaporaf@ian et al, 2018) This is the reason why a geologist

will wet the surface o& rock to better see the mineral colors. With water on the surface
more light penetrates, is partially absorbed, and the light reflected from the interior (still
at the surface) is richer in colfirekneret al, 1988)

The type of pigment determines the chemical relationship with water; for example,
carotenoids are hydrophoband chlorophylls are partially hydrophobic. Thus, the
influence of water on the reflectivity of the pigment depends on the type of cell, organism,
and pigment. Fresh samples are representative of life on Earth, where liquid water is
readily available for most biota. However, our results show that dry samplé wake
the detection of pigmenbiosignatures easier. Icy worlds would provide such dry
environments.

The samples used in this study are not expected to have an abundance of liquid water
available in their natural environment in the Arctic. This is etgubto help the organisms
adapt to the high photooxidative stress they are subjected to being in ice. Thus, dry
microbial cells tend to be more resilient to high radiation environments, making them
interesting targets to search for in dryer and highidiated planet$Billi et al, 2019)

The closest potentially habitable worlds outsidesolar systemorbit a different kind of

star than our Sun, smaller red dwarf stars. Such stars can flare frequently, bombarding
their planets with biologically damaging higimergy UV radiation, placing planetary
atmospheres at risk of erosion and bringing the haktiabil these worlds into question

(e.g. discussion in Scakt al, 2007; Tarteet al, 2007; Segurat al, 2010; Shieldet
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al., 2016; Kaltenegger, 2017; A&t al, 2019) However, he surface UV flux of these
worlds is unknown. Models of the surface UV environment for the four closest potentially
habitable exoplanet®roximab, TRAPPISTle, Ross28h and LHS-1140bassuming
different atmospheric compositions, from Eaatmlogie to eroded and anoxic
atmospheres, show that surface UV radiation remains below early |Beth, even
during flares({ O 6 MaJanhesetyal, 2019) But even high UV radiation on the surface

of rocky exoplanets circling active M stars may not liextraterrestrialife evolution if
carotenoidike pigments are developed for photooxidative protection.

In addition, while liquidwater s wi dely consi ddgBae2017) he @A mat
discussions on other solvents such as methaméecoming more pertinent, informing
ideas on the evolution of alternative reaterb a s e d A w (Sieversoret al,f e 0
2015) We speculate that on other planets biota could use similar pigments to the ones
used on Earth, independent of the solvent. For dry planets and planets with solvents other
than water, biopigments clobprovide stronger signatures than on worlds with abundant

water, like Earth.

V.5.3 Our solar system and the search for life

The search for life in ousolar systemfocuses on a dry planetMars - as well as
three cold moonsTitan, Enceladus, and Europandhe color catalogue for biota in ice
also be used for the search for life closer to home?

The idea that the building blocks of liféos Santost al,, 2016; Laurenét al, 2019)
or even dried cells may be preser@&tyce et al, 2015; Baquéet al, 2016)can be
expanded to currently dry planets like Mé@Baquéet al, 2020) For example, one of our
samples Bacillus safensi$ has also been isolated from the spacecraft Mars Odyssey
Orbiter (Satomiet al, 2006)and could have survived the extreme radiation environment

in space. The same bacterium has also been described in a study as growing better on the
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ISS than on EartiiCoil et al, 2016) This type of bacterium forms eges, which are
inactive dried latent cell forms with increased resistance to almost any type of stress.
Thus, the dry samples of our color catalogue of life in ice can provide insights into what
spectral features missions to Mars could look for.

Earth isthe only known place with surface blooms of microbial pigments. A key
issue when considering the search for biological pigments irsaar systemis the
radiation environment. All biological pigments presented in this article are found in icy
environmeh s on Earth, which are sheltered by E:
Biological pigments disintegrate rapidly in high radiation environments. For example,
UVA radiation causes a significant drop in productivity of ice algae communities
(McMinn et al, 1999) Thus, findig biological pigments on the surface of cold moons
without an atmosphere, especially in strong radiation environments like Europa is
unlikely. Nevertheless, searching for building blocks of(Mertinsetal, 2013; do&l sct
et al, 2021) and signatures of traces of biological pigments on the icy-swdurface
(Nordheimet al, 2018)and in ice particles in jets of geysers could provide an alternative
way to search for life on icy moons. The high success of abiting spectrometers on
detecting microbial pigmentdainteret al, 2001; Serran@t al, 2002; Daltonet al,

2009; Care\et al, 2018)serves as inspiration for higksoltion imaging spectrometers
exploring the icy moons in thelar system such as Mapping Imaging Spectrometer for
Europa (MISE) that will fly on the NASA Europa Clipper in late 2024 to explore the
potential signatures of extremophiles implanted in thesicéace(Careyet al, 2018) as
well as Europa Lander Stereo Spectral Imaging Experiment (ELSBIEYLhie et al,
2020) Antarctic microbes forming complex comnities have also been successfully

identified from their carotenoillke pigmentation by lowaltitude unmanned aerial
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vehicles carrying spectrometers on Edtibvy et al, 2020) which are a similaconcept

to future smal/l mi ssi,ions such as Titands Dr

V.6 Conclusiors

The unequivocal proof of the existenceestraterrestriallife is one of the most
thoughtprovokingevents humanity could experience. To enable the search for life on the
surface dicy exoplanetand-moons we developed the first catalogue of microbial life
in ice. We measured the reflection fodigerse range of pigmented microorganisms
isolated from the subarcti@n analogue for thosxtraterrestrialenvironments. Similar
biota could become the dominant life form on icy woddsiting other stard.ife might
have even originated in such icy environments.

Here, we present the first database of surface reflection for biota from icy
environments to provida tool for upcomingace and grounebased telescopes that will
search for life in the cosmos. While our color catalogue of life in ice has been developed
as a guide to search for life on icy planets and moons orbiting other stars, it also holds the
key to expanihg the seari for life in thesolar system
For the first time in human history, we have the tools to search for life in the universe.
Icy environments on Earth show a surprisingly wide diversity of life and might have even
provided the environment for life to origint e . The <col or catal ogue
subarctic will serve as the guide to search for surface life on icy worlds to find out whether

we are alone in the cosmos.
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VI GENERAL DISCUSSION AND

FUTURE PERSPECTIVES
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V1.1 General discussion

One of theconclusionsof the presenthesisis that anintegrative approach to
astrobiology studies in samples from planetary field analogues can produce relevant data
for different spaceelated fields. Connecting chemistry, physaisd biologyto the same
samples allows for a holistic perspective on theneation between analogues axtra
terrestrialenvironments.

First, as shownin chapter Il,the use ofstandardizednethodology to process
anal ogue ice and water samples to icy moons
on similar polar locatins, for both astrobiology and ecology. The contaminations found
were also relevant to planetary protection studidgere are two main concerns about
landing missions to Europa and Enceladus. First, the terrestrial biological contamination
(forward contarmation) may create reasonable doubt against proexwéterrestrial
life, invalidating valuable results from expensive missions that take decades to prepare
and creating unnecessary restrictions for future misgiRaslinet al, 2010; Charet al,

2020; Martinset al, 2020) Second, and even direr, is that the pristine environment of

these habitable moons igeversiblyc hanged with the ioa roduct
(Raulin et al, 2010; McCoyet al, 2021) On polar planetary field analogues, we can

sample diverse model habitayet more analysisto define standardized sampling,

processing, and decontamination protocols specific for the planets and/or satellites in
studyare needed

Secondplanetary fieldanalogues provide us with complex environmental samples
with diverse and adapted microbiainemunities which facilitate a close observatain
real bioticbiotic and biotieabiotic relationships under extreme conditioas shown in

chapter lII.
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Third, the integrative study of ice and water samples from planetary field analogues
allows the connection between chemical characterization and bigtigpters I, 1V
and V)1 an essential relationship totdemineand catalogue biosignaturés.the last
decades, information regarding the chemistry of the icy moons (those in the ouiesreac
of the solar system) has been collected and our understanding furthered due to modern
telescopes and the success of space missions such as Voyager, Galileo, and Cassini
Huygens. Some work has been done on connecting the atmosphdece and interor
chemistry of the icy moons to predict which geochemistry processes could be responsible
for the origin of organic molecules tentatively detected to date. Future missions to the icy
moons, such as JUICE from ESA and Europa Cligmer Europa Landdrom NASA,
will be focused on solving their geochemical mystealed searching for biosignatures
Observation missions from future spdmsed large telescopes such as LUVOIR and
HabExwill be searching for habitability signatures anil have the capacity tdetect
sharp and characteristic biosignatures such as biological pignidintesese missions
need comprehensive reference catalogues to be used as tools so that hureaniy do
miss signs of life. In this wotkwve were able to characterize fluoresceiuisignatures
from a planetary field analogue of icy worlds through absorption, emission, and
reflectance spectroscopy. Spectral data unraveled ecological trenttseg@nesence of
humiclike molecules, tryptophamnd likely carotenoids in ice and wasamples from
Hudson Bay. Afterward, the spectral signatures from pigmented microorganisms isolated
from Hudson Bayé6s i ce andanwiatérpeted tow prodece me as u r
the firstever catalogue of colorful signatures linked to life on && more catalogues

such as this will hopefully follow.
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V1.2 Future perspectives

Due to the multidisciplinary character of this thesech chapter has different future

perspectives and the data produced so far justifies this branching in future studies.

VI.2.1 Further investigation following chapter |l

Further improvement dfeldwork practices irpolarenvironmentss necessary for
the succss ofwork on planetary field analogues to the icy modrsese locationsere
as a testbed for future seardbr-life space missionsaand thus it is necessary to
incorporate, asell aspossible, in analogue studies the constraints of sampliegtos
terrestrialenvironments and the measures that will be necessary to avoid contamination.
Furthermore, the next studies on clean processing practices for ice sailiptegd to
integrate functional genomics and new technology such asnlalchip approache
Cleanrooms in research facilities, industgnd space agencies are full of
extremophiles, which resist the robust sterilization techniques applied to achieve
A mi c rforbe ead e n YRegbergetnak 2018) The biological mechanisms of
resistance inclugeamong othersthe production and action diiopigments which
reinforce the importance of their stu@yox et al, 2005; Metlé et al, 2005; Dieseet al,
2010; Seett al, 2020) Strains like these could contaminate the space vehicles edsign
to missions to the icy moons. As observed in this studyjraagreement with previous
conceptgLazarevicet al, 2016) contaminations can be high in microbial load, maybe
even forming biofilms. A considerable abamd load of extremophiles in space vehicles
may be enough for at least one viable organ@shbeable to land on these satellitesigi
would represent forwardontamination by NPR definitiond hus, the creation of a
contaminants database by the astralgglcommunity working with ice field analogues

and cleanroom curations (from space stations and industry) would allow for more
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accurate planetary protection protocols in time for landerdifiection missions in

habitableextraterrestrialenvironments.

VI.2.2 Further investigation following chapter il

The unraveling of Hudson Bay microbial ecology boomed in the last few years,
after decades of hiatuswith the published study of chapter Il representing the first
identification of the prokaryotic community mag to its ice shell. Future seasonal studies
describing the microbial function through transcriptomics, including also
microeukaryotes, are important to corroborate some ofilndings. It is also important
that future studies in the Arctic with spacepbgations are extended to other analogue
samplesOtherArctic habitats (e.g., recent, or ancient land ice, glacier ice at highglept
also have astrobiology interest depending on thetyudb of the extraterrestrial
environment intended to mimar the aim of the studyor instancestudying ancient ice
could be of interest to the fAorigin of
microbiome of earlier perioggeserved in deep layers of ice, while lazgland methane

rich lakes could be relevant for Titan.

VI.2.3 Further investigation following chapter 1V

One of the outputs of this thesis was the understanding of how challéniging
characterizéluorescent organic signatures in icy environments. lifigedlt to measure
these biosignatures because their low concentratiooy environments coupled with
their complexityis a test to fieldwork spectrographs while their labile nature condemns
any attempt for an accurate measurement after transportatikidithe laboratgr Thus,
portable spectroscopic equipment with increased seitgitshould be introduced
massively to the study of icy planetary field analogues, as well as rigorous studies on
fluorescentbiosignature degradationAdding, tests withdifferent concentrations and

using artificial matrixes as blank should be attempted. Likewise, comparison with
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measurements on the same samples from other established techniques, with years of data
recording, such as HPLC, followed by microbiology analysiould be groundbreaking

in linking decades of biology and chemistry knowledge in the daespace exploration.

VI.2.4 Further investigation following chapter V

Chapter V is an example of a reamyuse tool for observation missions searching
for biosignatues in exoplanet$ and was a direct product of astrobiology studies in
planetary field analogues. Catalogues of biosignatures designating biohedsted
ecosystems of Earth instead of specific organisms are paramount so humanity does not
miss on pricadss, bight, and colorful signals oéxtraterrestriallife in the next decades.
Similar catalogues should be built using different selections of organisms that
characterize other biomes that are analoguextaterrestrialenvironments and that

are sill missing.

VI1.2.5 General remarks on the future perspectives fothe exploration of icy worlds

The essence and prevalence of the phenomenon of life remain largely
unconstrainedg¢ontinuingto bea challenge to future astrobiology workc@rding to
extant models of habitability, thsolar system itself includes many possible living
habitats.The field of astrobiologganbenefit from improvements present habitability
models and further modeling of the conditions on the described atgrisidies. The
latter modulatory effort is largely informed lny-situ studies.Thus, space missions are
the only approach toltimately produce unchallenged proof of active or past life beyond
Earth.

Although Mars has had many such exploratory missiogignoons are terrains yet to be
chartedJ Ul CE and Europads Clipper wild.l be | aun
mission concepts for the seaffdr-life on icy moons suchas Enceladus Orbilander

Missionfrom NASA andfuturemissions withirthe Voyage2050 program from ESAre
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on the horizorfFavateet al, 2021; NASA, 2022)Enceladus Orbilander Missi@ms to
analyz the ice andvater of Enceladus to search for biosignatures or even life forms
(MacKenzieet al, 2021)

However, future perspectives are not limiteal these already extensively
mentioned missions. The answers may lay elsewhere and so an extension of the focus to
other plaetary bodies is also crucidlriton is the largest satellite of Neptune and, so far,
it is one of the few icy moon®ther includs, e.g., Enceladusyith clearcut evidence
for recent volcanism on the surfafeunine, 1990) Voyager 2 images showed dark
materials coming from its surface vents. Thus, tiseigcreasingnterestin Triton, which
was already a compelling astrobiology target due to the possibility of an internal ocean
given its internal heat, and observations of recent surface activity. Indeed, it has been
suggested that Tritondés imhtesiwver wyceiami Imaty
early hydrothermal systen{Shocket al, 1993) Since we have clear proof of active
plumes on both Enceladus and Triton, less expensivbyflynissions, with less
contamination risk and as well as less conundrum regardindrilieg would be a
reasonable investment to sample the materials coming directly from the subsurface.
Hopefully, studiedike the present work inspire funding and research efforts towards the
exploration ofthe icy moons of Jupiter or Saturn, but also of transnepturodies such
as Triton or even Pluto.

Ultimately, the discovery okxtraterrestrial life would be one of the most
remarkable marks of humankind's legacy. Test to resolve thencertaintyhumans
have regarding thaniqueness of biological life in theniverseshouldunite scientific

efforts
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IX.1 Evolution of techniques used for contamination control during the sampling, processing, or biological analysis of

ice cores from the last 23 year§Supplementary material of Chapters | and II)

Origin Type of ice Control Replicates Dec ination procedures Analysis performed Reference
- . X 959
Ellesmere Island . . blc'ﬂlc malcna]s: Heat, Elhan_ol (95%) used on . (Dancer, Shears and Platt,
. . Glacier ice NA. NA equipment/material, the filtration assembly was Culture-dependent analysis
(Canadian Arctic) . 1997)
sterilized between samples
Vostok 5G i Lo . i . . .
ostok 5G ice core Lake accretion ice N.A. One ice core, ten Sterile materials, Heat Culture-dependent analysis (Abyzov et al., 2001)

(Antarctica) ice sections
Deep ice core — GISP2 L o . . Sterile materials, S‘uperllm‘al layer removal (2-3mm), Culture-independent and culture- [Shlendan ,w a{.‘ 2003),
Glacier ice Artificial sterile water ice core NA Ethanol (95%), Superficial layer removal (1 cm), (Miteva, Sheridan and
(Greenland) dependent analysis
Heat Brenchley, 2004)
Tallasksenv; N k Lo . . . . P
allasksenvarden Nunata Glacier ice NA NA Sterile materials, Superficial layer removal Culture-dependent analysis (Shivaji eral, 2013)

(Antarctica)

Vostok 5G ice core
(Antarctica)

Lake accretion ice

Sterile water,
Lake ice core water sterilized

One ice core, four
ice sections

Sterile materials, Sodium hypochlorite solution at
4°C, Sterile water

Culture-independent analysis

(D’Elia, Veerapaneni and
Rogers, 2008, Shtarkman
etal,2013),

Ellesmere Island

Sterile materials, the filtration assembly was

. . i AL i ™ - i . 4
(Canadian Arctic) Sea ice N.A Two ice cores steriized between samples Culture-independent analysis (Hatam et al., 2014)
Muztagh Glacier - . Sterile materials, Superficial layer removal, Ethanol . .

(Tibetan Plateau, China) Glacier ice NA. NA. (959%), Sterile water Culture-dependent analysis. (Xing et al., 2016)
llis Isl . . Eight i . . . .
CUmW§ 15 18 a!‘d Sea ice NA ght ice cores Sterile materials Culture-independent analysis (Yergeau et al., 2017)
(Canadian Arctic) per location
. One ice core, 4 § . .
Yuzhufe it - . . N I s, rficial | , it . .
urien Gilacier Glacier ice NA sections, 1253 Sterile materials, Superficial layer removal, Sterile Culture-dependent analysis (Shen et al., 2018)
(Tibetan Plateau) . water, Ethanol (75%)
sub-sections
. . . Sterile materials, Superficial layer removal (5 mm), . . .
M ka Gl Alask 1 N.A. N.A. . ’ lture-i I K ial, 2018
atanuska Glacier (Alaska) Glacier ice Sterile water, Ethanol (95%) Culture-independent analysis (Kayani et al., )
Changme Khang and . . . . .
Changme Khangpu glaciers Glacier ice NA One ice core per Sterile materials, Superficial layer removal, Sterile Culture-dependent analysis (Sherpa et al., 2018)
. glacier water, Ethanol (95%)
(India)
Scarisoara Ice Cave . . One ice core, five . ) . X
e v Perennial cave ice NA . e, v Sterile materials Culture-independent analysis (licus et al,, 2018)
(Romania) ice sections

Guliya ice cap
(Tibet)

TableIX.1-Arti fici al

Glacier

ster.i

Artificial sterile water ice
core, Air control, DNA
extraction control, Standard

One ice core, five

168 rRNA gene amplicon sections
sequencing of controls
l e ice cores

Superficial layer removal, Ethanol 95% and new
layer removed, Sterile water

, as fnmock?o

Culture-independent analysis

ce

(Zhong et al., 2021)

c o faersa,i | vaerl @ependedianalitsis reters e

to analysis performed on cultured mierganisms (e.g., colonies or liquid cultures). Culinependent analyses include molecular biology studies, microscopy, and flow
cytometry. This table was based on Table 1 from Chrigthat, (2005)(Christneret al, 2005) updated to the presefrom Coelhaet al, 2022, under review iSci Rep
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IX.2 Taxonomic composition of prokaryotic communities in
environmental samples after insilico decontamination process

(Supplementary material of Chapter II)

Relative Genus-Composition

1.00 Others

W Caulobacter

I CcL500-3

- Colwellia

W Flavobacterium

0.75 Fluviicola
FukuN18 freshwater group
Glaciecola
hgel clade

- ] Luteolibacter
Micrococcus

e Mycobacterium

" -
P

— —_— Paraglaciecola

Polaribacter
Polynucleobacter
Pseudarciccela
Psychromonas

— - Reinekea
I RS62 marine group

— Sediminibacterium
-

Prokaryotic Relative Abundance %

0.25

Skermanella

0.00 | E————

Figure IX.1 - Taxonomic composition of prokaryotic communities in environmental samples (ice and
interface water, including replicates) aftessilico decontamination process where all OTUs present in the
controls were removed. Resulirebased on the relative abundarof OTUsin the norrarefied dataset.

For improved readability, taxa below 0.5% of relative abundance were joined under the category "Others".
Note that groups such AsinetobacteandSulfurospirillumare absent from the taxonomic profiles of these
sanples after removing contaminating OT.WBsom Coelheaet al, 2022, under review iSci Rep
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IX.3 Rarefaction curves(Supplementary material of Chapter llI)

Figure 1X .2 - Rarefaction curves projecting gain in OTU richness as a function of increasing sequencing
depth. Shown are curves obtained for all sampling sigsusing the function rarecurve (vegan package,
R). The vertical line corresponds to the lowest numbei6& IRNA gene reads (7634) obtained for the

characterization of a given sample, in this case, sample 1I1. This was used-aff soctchmpare alpha
diversity metrics among sampl@sgure I11.2) . From Coelhcet al,, 2022, inSTOTEN

IX.4 Metadata (Supplemenary material of Chapterslil and 1V)

Table IX .2 - Metadata collected for sampling sites 1 té-rom Coelhcet al., 2022, inSTOTEN Ice core
size and ice cover deptheveapproximately 1 m for all sites.

Sampling Coordinates | Snow depth| Chlorophylls | Sal BGA PC | Temp fDOM

site (cm) pg/L PSU pg/L °C QSU

1 55.39°; -] 20 0,86 10,4 | 1,49 0,4 35,9
77.61°

2 55.38°; - |14 0,09 10,31 | 1,55 -0,4 35,4
77.62°

3 55.30°; - |10 1,40 1,89 | 2,13 -0,1 30,1
77.76°

4 55.27°;, - |37 0,92 0,63 | 1,44 -0,02 41,5
77.81°
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