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Abstract

Recent studies postulated the viability of a suite of metabolic pathways in Enceladus’ ocean motivated by the
detection of H, and CO, in the plumes — evidence for available free energy for methanogenesis driven by hydro-
thermal activity at the moon’s seafloor. However, these have not yet been explored in detail. Here, a range of
experiments were performed to investigate whether microbial iron reduction could be a viable metabolic pathway
in the ocean by iron-reducing bacteria such as Geobacter sulfurreducens. This study has three main outcomes: (i)
the successful reduction of a number of crystalline Fe(III)-bearing minerals predicted to be present at Enceladus
was shown to take place to differing extents using acetate as an electron donor; (ii) substantial bacterial growth
in a simulated Enceladus ocean medium was demonstrated using acetate and Hy(g separately as electron donors;
(iii) microbial iron reduction of ferrihydrite was shown to partially occur at pH 9, the currently accepted value for
Enceladus’ ocean, whilst being severely hindered at the ambient ocean temperature of 0°. This study proposes the
possibilities for biogeochemical iron cycling in Enceladus’ ocean, suggesting that a strain of iron-reducing bacteria
can effectively function under Enceladus-like conditions.
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Introduction

Enceladus has become a prime target for astrobiological studies in recent years, owing to the discovery
of a global subsurface ocean — a product of tidal heating (Thomas et al., 2016; Choblet et al., 2017) —
and evidence for ongoing hydrothermal activity (Hsu et al., 2015; Waite et al., 2017). Current work has
provided critical constraints on the ocean composition, temperature (~0°C), seafloor pressure (~40 —
100 bar), pH (pH ~9) and salinity (~ 0.5 — 4%) (Postberg et al., 2009, 2011; Hsu ef al., 2015; Glein
et al., 2018; Glein and Waite, 2020; Fox-Powell and Cousins, 2021), and on the nature of the proposed
alkaline vent systems (> 90°C) at the moon’s ocean floor (Hsu ef al., 2015; Sekine et al., 2015). These
constraints show that the conditions in Enceladus’ ocean environment are well within the tolerable
range of microorganisms and are comparable to conditions found at alkaline hydrothermal vents on
Earth. This has motivated detailed work into further understanding the nature of Enceladus’ seafloor
and its potential habitability.

On Earth, the Lost City hydrothermal vent system located ~15 km off the mid-Atlantic ridge is a
well-studied example of low temperature (<116°C), alkaline (pH 9-11) hydrothermal activity
(Kelley et al., 2005). The vent chimneys ultimately are a result of serpentinization reactions that
exothermically generate H,- and CHy-rich fluids (with traces of formate and acetate), with the vents
themselves built by inorganic carbon precipitation as carbonates at high pH (Kelley et al., 2005;
Russell et al., 2010). Analogous activity at Enceladus’ seafloor has been postulated; the detection of
salts in the plume material (Postberg et al., 2009) served as crucial evidence for contact between
the core and subsurface ocean. Later detection of silica nanoparticles in Saturn’s E-ring (Hsu ef al.,
2015) and Hy(,) in the plumes (Waite ef al., 2017) indicated ongoing high-temperature hydrothermal
reactions with a silicate interior dominated by serpentine group minerals. Additionally, estimates of
the ocean pH and vent temperatures (Postberg et al., 2009; Hsu et al., 2015; Glein et al., 2018;
Glein and Waite, 2020) correspond well to measurements made at alkaline vents on Earth, adding fur-
ther evidence that Enceladus’ ocean floor is hydrothermally active.

Alkaline vent systems on Earth harbour diverse communities of microbial life, including chemo-
trophic methane-oxidizing and sulphur-oxidizing/-reducing bacteria, and methanogenic and anaerobic
methane-oxidizing bacteria and archaea (Kelley et al., 2005). Iron oxidizing bacteria have also been
documented in alkaline hydrothermal regions analogous to the conditions expected at Enceladus
(Scott et al., 2015). The chemical gradients found at these vents have led to suggestions that these
ocean environments are the prime candidates for observing prebiotic chemistry at play and possibly
where life on Earth began (e.g. Russell et al., 1989, 1994, 2010, 2014). The redox potential that
could exist between Enceladus’ reducing core/vent environments and the more oxidized ocean
means that chemical energy should be in abundance and could in fact be exploited by microorganisms
to drive their metabolism (McKay et al., 2014; Barge and White, 2017; Deamer and Damer, 2017;
Angelis et al., 2021). Additionally, all six bioessential elements necessary to drive prebiotic chemistry
and form biomass (carbon, hydrogen, nitrogen, oxygen, phosphorous and sulphur) have now been
detected (or in the case of sulphur, tentatively detected) in the plumes by the Cassini spacecraft
along with a suite of astrobiologically relevant organic phases (Waite et al., 2006, 2009, 2017,
Hansen et al., 2011, 2020; Postberg et al., 2018a, 2018b, 2023; Hao et al, 2022). Of particular
note is the recent confirmation of phosphorous at Enceladus, which was previously considered a bio-
logical limitation owing to its initial non-detection. The detection of sodium phosphate salts in the
Cosmic Dust Analyser (CDA) data (Postberg et al., 2023) and the results of geochemical models pre-
dict the concentrations of dissolved phosphorous to be similar to, or even higher, than in the Earth’s
oceans (Hao et al., 2022).

The detection of H, and CO, in the plumes led to the suggestion that methanogenesis could be a
possible, and energetically favourable, metabolic pathway for life at Enceladus (Waite ef al., 2017;
Taubner et al., 2018; Higgins et al., 2021; Tenelanda-Osorio ef al., 2021). Aftholder et al. (2021)
even suggested that the CH4 detected in the plumes is biogenic in origin. Ray et al. (2021) was the
first study to explore the possibilities for other metabolic pathways, such as those involving iron or
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sulphur, under Enceladus-like conditions, and to suggest that Enceladus’ ocean could host a diverse
ecosystem of microbial communities in competition for available resources. To date, no studies have
attempted to experimentally culture cells using, for example, iron- or sulphur-bearing substrates as
the electron donor/acceptor, or in a medium analogous to Enceladus’ ocean composition. Studies
which have cultured any microbe under Enceladus-relevant conditions (e.g. temperature, pH) are par-
ticularly rare. This study has paved the way for exploring, both experimentally and computationally, the
possibility for other common terrestrial metabolisms under Enceladus-like conditions.

Microbial respiration of iron is the primary control on the mobility and reactivity of iron in the envir-
onment on Earth; iron can be biotically transformed between its soluble ferrous (Fe(Il)) and insoluble
ferric (Fe(IIl)) states via a variety of different reductive and oxidative pathways involving sunlight,
nitrogen-, sulphur- and manganese-bearing species, organic carbon and H, (Weber et al, 2006;
Kappler et al., 2021). These biotic reactions can occur simultaneously with abiotic reactions, leading
to the development of a complex biogeochemical iron cycle (Kappler et al., 2021). Furthermore, it is
thought that life originated on a hot, Fe(II)-rich early Earth (e.g. Russell et al., 1989, 1994), meaning
that iron-based metabolisms were likely some of the first to evolve and are thus an ancient and primitive
form of respiration (Weber ef al., 2006), which could be of importance to the development of life at
Enceladus.

Whilst iron minerals have not yet been found in abundance around alkaline vent systems such as the
Lost City, recent studies are showing that multivalent green rust minerals such as fougérite should form
naturally in these environments where they could play key roles in the development of primitive iron-
based metabolisms (Russell, 2018; Trolard ef al, 2021). Amakinite, another green rust mineral, has
previously been documented around alkaline vents on Earth (Beard et al., 2009; Klein et al., 2009;
Boschi et al., 2017) and in carbonaceous chondrites (Pignatelli et al., 2016) — the proposed compos-
ition for Enceladus’ core (Sekine et al., 2015). CI and CM chondrites, two varieties of carbonaceous
chondrite which have undergone significant aqueous alteration (Sephton, 2002), are likely most repre-
sentative of Enceladus’ interior given the evidence for ongoing water—rock interactions (Hsu et al.,
2015). Both are known to contain high, although differing, percentages of iron-bearing minerals
including phyllosilicates (e.g. serpentine (such as cronstedtite), which could constitute 60—80% of
the mineralogy; saponite), olivine (compositions between forsterite and fayalite), iron oxides (e.g. mag-
netite; ferrihydrite), pyroxene and sulphides (e.g. pyrrhotite; pentlandite) (Tomeoka and Buseck, 1985;
Zolensky et al., 1993; EndreB3 et al., 1996; Rosenberg et al., 2001; King et al., 2015). Geochemical
models of water—rock interactions at Enceladus performed by Hamp (2022), Ray et al. (2021) and
Sekine et al. (2015) have also predicted the presence of a variety of other iron-bearing minerals at
Enceladus which are summarized in Table 1. In addition, prior work has shown that Enceladus’
ocean fluid also likely contains a variety of oxidized and reduced iron species, albeit at unconstrained
concentrations (Zolotov, 2007; Sekine et al., 2015; Glein and Waite, 2020; Hamp, 2022). Although the
exact composition of Enceladus’ core and whether its composition is best represented by either CI or
CM chondrites is currently uncertain, it is highly likely that a variety of Fe(Il)- and Fe(Ill)-bearing
phases are present in Enceladus’ core or are being formed by hydrothermal water—rock interactions.

Based on the prospect of Enceladus’ core hosting a range of iron-bearing minerals, we have built
upon the results of work of Ray et al. (2021) and Hamp (2022) and performed a range of geomicro-
biological and geochemical laboratory experiments to investigate the viability of iron reduction and the
possibilities for a biogeochemical iron cycle under Enceladus-like conditions. We identified three main
questions which we aimed to address:

(a) Given our current knowledge of the Fe(Ill)-bearing minerals that should be present in the chon-

dritic core, can iron-reducing bacteria access the Fe(lll) in these minerals for their metabolism?

Fe(IIl)-bearing minerals, predicted to be present in Enceladus’ chondritic core or at the seafloor

vent environments by geochemical models performed by Ray et al. (2021) and Hamp (2022), were

exposed to an anaerobic strain of iron-reducing bacteria at circumneutral pH, and the rate and
extent of iron reduction monitored over time.
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Table 1. Iron-bearing minerals predicted to be present at Enceladus based on geochemical models
and laboratory experiments

Mineral Formula

Celadonite® K(Mg,Fe*")(Fe**,A1)Si4014(OH),
Cronstedtite® Fel*Fe*(Si,Fe**05)(OH),

Greenalite® (Fe** ,Fe**),_3S1,0s0H,4

Haematite® a-Fe3T0s

Magnetite ™" Fe’'Fe3* 0,

Minnesotaite® (Fez+,Mg)3Si4010(OH)2

Nontronite® (CaOOA5,Na)0A3Fe%+(Si,Al)4Olo(OH)z . H(Hzo)
Olivine® (Mg,Fe*")Si0,

Pyrite® Fe*'s,

Pyroxene® XY(Si,Al),0¢, where X Z Fe’" & Y L Fe*" or Fe**
Saponite® Cag »5(Mg.Fe> )3((S1,A1)4010)(OH); - n(H,0)
Serpentine (Antigorite, Chrysotile)a’b (Mg,Fe*");Si,05(0OH),

Siderite® Fe*'CO;

“Hamp (2022).

"Ray et al. (2021).

“Sekine et al. (2015).

Minerals in bold typeface are those that were used in this study.

(b) Given our knowledge of the composition of Enceladus’ ocean, can iron-reducing bacteria grow in
a synthesized fluid analogous to the ocean'’s composition?

A growth medium analogous to the composition of Enceladus’ ocean, based on the work of
Fox-Powell and Cousins (2021), was synthesized, inoculated with an anaerobic strain of iron-
reducing bacteria, and the rate and extent of growth monitored over time.

(¢) Is microbial iron reduction possible under temperature and pH conditions relevant to Enceladus?

The rate and extent of reduction of the poorly crystalline Fe(IlI)-oxyhydroxide mineral ferrihy-
drite, not yet thought to be present at Enceladus but here used due to its excellent ability to act as
an electron sink, was monitored at pH 9 and 0°C — values considered relevant for Enceladus’ ocean
and its ambient temperature (Hsu et al., 2015; Waite et al., 2017; Glein and Waite, 2020).

This study demonstrates that iron-reducing bacteria can effectively function under Enceladus-like
conditions, setting the stage for more detailed laboratory and computational work on biogeochemical
iron cycling in Enceladus’ ocean and the possible biosignatures that these metabolisms may produce.

Materials and methods
Summary

Three main experiments were performed to investigate the viability of microbial iron reduction in
Enceladus’ ocean.

(a) Firstly, the extents and rates of reduction of four Fe(Ill)-bearing minerals by a strain of iron-
reducing bacteria were tested, using riboflavin as an electron shuttle. The minerals chosen were
ferrihydrite (used as a positive control), magnetite, haematite and cronstedtite, and were selected
based on the results of geochemical models of water—rock interactions in the Enceladus’ alkaline
hydrothermal environment by Hamp (2022) and Ray et al. (2021), but also on the availability of
Enceladus-relevant Fe(Ill)-bearing minerals (see Table 1) during the short time frame that this
study was performed. Ferrihydrite and magnetite were synthesized as the materials required for
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their synthesis were readily available at the time, and synthesis helps us to control the purity of the
end product. Similarly, the iron-reducing strain (Geobacter sulfurreducens, hereafter abbreviated to
G. sulfurreducens) and electron shuttle used were selected as they were readily available for use in
the biogeochemistry laboratory at the University of Bristol’s School of Earth Science at the time
the study was performed. Ideally, an alkaliphilic, halophilic strain more tolerant of the conditions
expected at Enceladus would have been chosen, however these were not available. Ferrozine mea-
surements were performed to measure the amounts of soluble Fe(Il) being released into solution as
microbial reduction took place, whilst magnetic susceptibility measurements were performed to
probe whether the magnetic properties of the minerals were changing over the course of the reduc-
tion, which could inform us about possible mineral transformations. For example, magnetite is an
expected product of the microbial reduction of ferrihydrite and thus we expect a clear increase in
the magnetic susceptibility of the sample over the course of the experiment owing to magnetite’s
magnetic properties. The purity of the starting minerals was assessed using X-ray diffraction.
Scanning electron microscopy was used to image the mineral samples before and after any reduc-
tion had taken place to search for any visible changes in mineral morphology.

(b) Secondly, the rate and extent of growth of G. sulfurreducens in a simulated Enceladus ocean
medium adapted from Fox-Powell and Cousins (2021) (Table 3) was measured and compared
to growth in a normal basal medium (Table 2). Both acetate and H,,) were tested as electron
donors as they are expected to be emitted by alkaline vents at Enceladus’ seafloor and are
known to be used as electron donors by terrestrial iron-metabolizing bacteria (Kelley et al.,
2005; Weber et al., 2006; Russell et al., 2010). The rate and extent of growth was tracked by
measuring changes in the optical density of the solutions over time, such that a higher number
of bacteria in solution corresponds to a more optically dense solution.

(c) Finally, the extents and rates of microbial iron reduction at pH 7 and 9, and at 0°C and 28°C,
were monitored, using ferrihydrite as the sole mineral due to its excellent ability to act as an
electron sink. Ferrozine and magnetic susceptibility measurements were performed based on the
rationale described previously, with scanning electron microscopy similarly used for mineral
characterization.

Preparation of starting materials
Mineral preparation

Ferrihydrite synthesis

Two-line ferrihydrite (general formula, Fe3tO; - 0.5H,0) was synthesized according to the method
detailed in Schwertmann and Cornell (2000). Forty grams of Fe(NOj); was dissolved in 500 ml
Milli-Q H,O before the addition of 310 ml KOH (1 M) solution whilst vigorously stirring. The pH
was raised slowly to ~7.3 by adding an extra 20 ml KOH (1 M) dropwise, and the suspension let to
sit for 2 h without stirring. The pH, which had now dropped to ~6, was then readjusted to a final
pH of 7.5 with 1 M KOH. The suspension was transferred to centrifuge tubes and centrifuged at
4,000 g for 10 min, the supernatant discarded and the solid washed four times with 1 litre Milli-Q
H,0. The solid was then resuspended in Milli-Q H,O and transferred to a serum vial.

Magnetite nanoparticle synthesis

Magnetite (F62+Feg+04) nanoparticles (diameter ~12 nm) were synthesized according to the method
detailed in Pearce et al. (2012). A total of 1.9881 g FeCl, - 4H,O and 5.4059 g FeCl; - 6H,O were
weighed out into a volumetric flask and 60 ml HCI (0.3 M) was added. The solution was mixed
well until all solids were dissolved, and the flask was topped up to 100 ml with extra 0.3 M HCI. A
solution of 35% NH4OH was diluted to 20% with Milli-Q H,O, then sparged with N, for 20 min.
The acidified Fe(II)/Fe(IIl) solution was added dropwise to 100 g of the 20% NH4OH solution whilst
vigorously stirring until all the solution had been added and a black precipitate had formed. The
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Table 2. Salt components of the basal medium for G. sulfurreducens

Constituent Mass concentration (g 17! H,0)
KH,PO, 0.6
NH,4CI 0.3
MgSO, - TH,0 0.5
CaCl, - 2H,0 0.1

Table 3. Salt components of the Enceladus ocean simulant medium

Constituent Mass concentration (g 17" H,0)
NaCl 11.74

NH,4CI 0.0542

Na,HPO, - 2H,0 0.0630

KCl 0.172

MgCl, - 6H,0 0.0206

CaCl, - 2H,0 0.00298

NaHCO; 2.52

Na28i03 0412

solution was sealed in a Schott bottle, the headspace flushed with N, for 5 min and let to sit whilst
stirring for 15 min. The solid precipitate was washed twice with anoxic Milli-Q H,O in the glovebox
and then sealed in a serum vial.

Haematite and cronstedtite preparation

A sample of haematite (a—Fe§+O3) was obtained from the University of Bristol School of Earth
Sciences collection. A sample of cronstedtite (Fe3*Fe’*(Si,Fe’ O5)(OH)y), listed to occur with hisin-
gerite (Fe§+(Si205)(OH)4) and quartz, was sourced from National Museums Scotland. The samples
were crushed with a rock hammer on a metal plate until the fragments were ~2 mm in size, and
then milled for 10 min in a Retsch PM100 planetary ball mill until a fine powder (~1 pm) was
achieved. Cronstedtite was milled using a 50 ml agate grinding jar, whilst haematite was milled
using a much stronger and more efficient 250 ml SiN grinding jar.

Mineral characterization

Ferrozine assay

The Fe*" and total iron content (hereafter denoted as Fe(II) and Fe,,,, respectively) of each mineral was
assessed spectrophotometrically in triplicate using the ferrozine assay (Stookey, 1970; Viollier et al.,
2000). To measure dissolved Fe(Il), 1 ml of sample was taken from each vial and centrifuged for
1 min at 14,500 g until a solid pellet separated from the solution. In total, 80 ul HCI (1 M) was
added to each well in a 96-well plate along with 20 pl of sample (taken from the aqueous fraction
of centrifuged sample) or standard ((NH4),Fe(SO4), - 6H,O in 1 M HCI, with Fe concentrations in
the range of 0-1000 pM) and 100 pl ferrozine (Na,-3-(2-pyridl)-5-6-bis(4-phenylsulfonate)-
1,2,3-triazine). The plate was left to incubate in the dark for 5 min and the absorbance of each sample
measured at A = 562 nm in a Multiskan SkyHigh Microplate Spectrophotometer. To measure Fe,,;, 80 pl
10% w/v hydroxylamine hydrochloride (HAHCI) in 1 M HCI was added to each well along with 20 pl
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sample or standard, and left to incubate in the dark for 30 min. In total, 100 pl ferrozine was added to
each well and left to incubate in the dark for 5 min. The absorbance of each sample was then measured
as above.

Magnetic susceptibility
The magnetic susceptibility of each mineral was measured at low frequency using a Bartington MS2B
frequency-dependent magnetic susceptibility meter.

X-Ray diffraction (XRD)

X-ray diffraction (XRD) measurements were carried out on a Bruker D8 Advance diffractometer with a
PSD LynxEye detector and Cu K, radiation (1.540600 A) to better assess the mineralogy of each sam-
ple. The samples were placed on a low background silicon wafer holder. XRD data were collected in
the range of 5-75° 26 with a step size of 0.02° 26, where the time per step was 1 s.

Basal medium and bacteria stock preparation

In a 1 litre Schott bottle, basic salts (Table 2) were dissolved in 950 ml Milli-Q H,O, whilst NaHCO;
was dissolved separately in 50 ml anoxic MilliQ H,O. Both bottles were autoclaved to sterilize, then
combined in the 1 litre bottle with a needle and syringe to achieve a NaHCOj3 concentration of 30 mM.
The bottle headspace was then flushed with 80:20 N,:CO, gas mixture for 10 min. A total of 1 ml
litre™" concentrations of trace elements SL10, 7 vitamins solution, and selenite/tungstate solution
were added to the bottle along with 25 ml sodium acetate (CH;COONa, denoted as acetate elsewhere)
(1 M) and 40 ml sodium fumarate (C4H,Na,O,4) (1 M), and the pH adjusted to ~7 with anoxic 1 M
HCI1/0.5 M Na,COs.

In total, 50 ml of medium was decanted into seven 100 ml serum vials; one vial was inoculated with
10% v/v G. sulfurreducens and then incubated at 28°C to promote growth. Five millilitres (10% v/v)
solution was decanted from this vial into the six remaining bottles. After 2 days of growth, the optical
density of the vials was measured using a Multiskan SkyHigh Microplate Spectrophotometer at A = 600
nm. The contents of the six vials were added to sterile, anoxic centrifuge tubes, their masses equalized
with sterile NaHCO3 (30 mM), and centrifuged at 4,000 g for 20 min to separate the solid and liquid
fractions. The supernatants were then discarded, and the solid fractions consolidated into one tube
before washing another twice with sterile NaHCOj; (30 mM). The contents of the final consolidated
tube were added to a 30 ml serum vial, and the optical density of this concentrated stock measured
to assess the volume of bacteria required to add to each serum vial.

Incubation experiments
Mineral reduction experiments

Under sterile conditions, 20 ml serum vials were prepared containing 0.2 ml sodium acetate (0.1 mM;
concentration of 2mM per vial) as the electron donor, iron minerals (see below) as the electron
acceptor, 0.1 ml riboflavin (0.01 mM) as an electron shuttle, and buffered with NaHCO; (30 mM).
Samples were prepared in triplicate such that for each mineral, three vials contained mineral + bacteria
+ electron shuttle, three contained mineral + bacteria, and the final three contained only mineral. The
minerals haematite and cronstedtite were added to individual bottles as dried powders (0.0715 and
0.0228 g, respectively), whereas ferrihydrite and magnetite were added from liquid suspensions
(0.16 ml from a 628 mmol ™" stock and 0.27 ml from a 123 mmol ™" stock, respectively). Each vial
was sealed with a grey butyl stopper, manufactured by Supelco (product number 27232), and flushed
with 80:20 N,:CO, gas mixture for 1 min to achieve an anoxic headspace. Setups designed to be mea-
sured using magnetic susceptibility were crimped with rubber heat shrink tubing to avoid interference
with the instrument, with all others crimped using standard aluminium caps. Setups containing bacteria
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were inoculated with G. sulfurreducens (10% v/v) grown to the late lag phase at standard conditions.
Ferrozine analysis and measurements of the samples’ magnetic susceptibility were performed as
described previously.

Bacterial growth experiments

In total, 100 ml serum vials were prepared with 50 ml of medium, inoculated with 10% v/v G. sulfur-
reducens, and incubated at 28°C to promote growth. Three different media were used: (i) normal
growth medium (see Basal medium and bacteria stock preparation); (ii) an Enceladus ocean simulant
medium; and (iii) a diluted Enceladus ocean simulant medium, each initially containing only 20 ml
sodium fumarate (1 M). A total of 1.25 ml sodium acetate (1 M) and 80:20 H,:CO, gas mixture
were added separately to act as electron donors; for those containing H,/CO,, the headspace of each
bottle was flushed initially for 5 min before inoculation, then flushed for 1 min after sampling.

The Enceladus ocean simulant medium was adapted from Fox-Powell and Cousins (2021). In a 500
ml Schott bottle, salts (Table 3) were dissolved in 400 ml MilliQ H,0, except NaHCO3; and Na,SiO;
which were dissolved separately in 50 ml anoxic MilliQ H,O in two more Schott bottles. All three bot-
tles were then autoclaved to sterilize, and the 50 ml solutions of NaHCO; and Na,SiO3 added to the
400 ml salt solution with a needle and syringe. In a second 500 ml Schott bottle, 50 ml of the
Enceladus ocean simulant was added to 450 ml anoxic NaHCO; (30 mM) solution to produce a
10x diluted ocean simulant with an ionic strength similar to that of the normal basal medium prepared
in Basal medium and bacteria stock preparation; the solution was then autoclaved to sterilize. The
headspace of both the concentrated and dilute Enceladus ocean simulants was flushed with 80:20
N,:CO, gas mixture for 10 min, and then 1 ml 17! concentrations of trace elements SL10 and seven
vitamins solution were added to each along with 20 ml sodium fumarate (1 M). The pH of both solu-
tions was adjusted to ~7 with anoxic 1 M HC1/0.5 M Na,COs;, before decanting into serum vials.

Environmental simulation experiments

Samples were prepared in triplicate such that for each condition (pH 7/28°C, pH 9/28°C and pH
7/0°C), three vials contained ferrihydrite + bacteria and three contained only ferrihydrite. Under sterile
conditions, two anoxic stock solutions containing NaHCOj3; (30 mM), sodium acetate (2 mM) and fer-
rihydrite (10 mmol I™") were synthesized and their pH values adjusted to ~7 and ~9, respectively, with
anoxic 1 M HCI/0.5 M Na,COs;. Ten millilitre serum vials were then prepared containing 5 ml of this
solution. Each vial was sealed with a grey butyl stopper, manufactured by Supelco (product number
27232), and flushed with 80:20 N,:CO, gas mixture for 1 min to achieve an anoxic headspace.
Setups designed to be measured using magnetic susceptibility were crimped with rubber heat shrink
tubing to avoid interference with the instrument, with all others crimped using standard aluminium
caps. Setups containing bacteria were inoculated with G. sulfurreducens (10% v/v). Half the number
of vials containing pH 7 solution were placed into an incubator at 28°C whilst the other half were incu-
bated at 0°C. The vials containing pH 9 solution were also incubated at 28°C. Ferrozine analysis and
measurements of the samples’ magnetic susceptibility were performed as described previously.

Characterization of end products
Scanning electron microscopy (SEM)

A total of 0.1 ml sample containing minerals + bacteria were added to eppendorfs containing 0.9 ml
NaHCOj; (30 mM). In total, 25 pl of this was then pipetted onto glass slides and left to air dry, before
sputter coating with carbon (~15 nm thick). Slides were mounted onto an aluminium stub and imaged
at a working distance of ~15 mm using a Hitachi S-3500N at 20 kV. Both secondary electron (SE) and
backscattered electron (BSE) images were taken.
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Results
Mineral reduction experiments

The rates and extents of reduction of the crystalline Fe(IlI)-bearing minerals magnetite, haematite and
cronstedtite — each predicted to be present in Enceladus’ core material or formed through water—rock
interactions (Ray ef al., 2021; Hamp, 2022) — by the iron-reducing strain G. sulfurreducens were tested
at pH 7 with and without riboflavin as an electron shuttle. Ferrihydrite, a poorly crystalline mineral not
thought to be present at Enceladus, was also tested and was used purely as a positive control. XRD
spectra of haematite and cronstedtite are shown in Fig. S1. An XRD pattern could not be obtained
for ferrihydrite as it is X-ray amorphous. Changes in the dissolved Fe(II) and magnetic properties
over time for each mineral were measured, with the results reported in Figs. 1 and 2, respectively,
and SEM images of select microcosm experiments are displayed in Fig. S2. Since changes in only
the dissolved Fe(Il) were measured, we expect the rates and extents of reduction reported here to be
lower limits of the true values since adsorption of Fe(Il) to the solid phase surfaces has not been
accounted for.

Ferrihydrite (Fig. 1(a)) was rapidly reduced by the bacteria in just a few days, releasing around 1
mM Fe(Il) into solution and forming a black magnetic precipitate, whilst the samples containing ribo-
flavin were reduced in around 1 day, releasing over 1.5 mM Fe(I) into solution. The change in mag-
netic susceptibility (Fig. 2(a)) of the samples exposed to bacteria lags slightly behind the initial rapid
rise in dissolved Fe(Il) (Fig. 1(a)), but within a few days the mineral shows a dramatic change in its
magnetic properties. The samples containing riboflavin become strongly magnetic within 1 week
and peak at around 10 days (~17 x 10~ SI), whilst those containing just bacteria peak at around 2
weeks (~4.68 x 10~ SI) and show a more subtle increase in susceptibility. After around 10 days,
both dissolved Fe(II) and magnetic susceptibility showed few further changes. In contrast, magnetite
(Fig. 1(b)) was reduced far less readily with very little Fe(II) released into solution (< 0.21 mM), taking
nearly 2 weeks to show any changes; the samples containing riboflavin were less readily reduced than
those without, however. No changes in the magnetic susceptibility were observed (Fig. 2(b)).
Haematite (Fig. 1(c)) steadily released up to ~0.73 and ~0.42 mM Fe(Il) for samples with and without
riboflavin, respectively, over the 23-day course of the experiment. Similarly to magnetite, no changes in
the magnetic susceptibility were observed (Fig. 2(c)). SEM images (Figs. S2(a) and S2(b)) reveal
highly crystalline mineral grains with blocky morphologies, and finer amorphous material dispersed
between the crystals. Cronstedtite (Fig. 1(d)) was readily reduced and reached its peak in under 5
days, releasing up to ~0.67 and ~0.39 mM Fe(II) for samples with and without riboflavin, respectively.
The dissolved Fe(I) quickly decreased to a minimum before settling and showing few further changes
after around 10 days. The control sample containing neither bacteria nor riboflavin released ~0.66 mM
Fe(II) into solution after around 10 days. The magnetic susceptibility of cronstedtite was not measured
since no magnetic material was expected to be produced and no changes in the magnetic properties of
this clay mineral were expected to be observed. SEM micrographs (Figs. S2(c) and S2(d)) show some
differences between the control and end product of microbial reduction; the control mineral appears as
an aggregate of fine blocky crystals whilst the cronstedtite exposed to bacteria instead appears as one
large flattened crystal. Both show finer amorphous material dispersed between the larger crystals.

Bacterial growth experiments

The rate and extent of growth of G. sulfurreducens in a simulated Enceladus ocean medium (Figs. 3(b)
and 3(c)) was measured and compared to growth in a normal basal medium (Fig. 3(a)), using both acet-
ate and H, as electron donors and sodium fumarate as an electron acceptor. Within 1 week, the bacteria
cultured in the normal basal medium (Fig. 3(a)) with acetate grew, turning the growth medium pink.
Most growth occurred between days 4-7. The medium containing H, (,) also sustained growth but
to a much lesser extent, with much of the growth occurring early on up to day 4. The bacteria cultured
in the Enceladus ocean simulant medium (Fig. 3(b)) with acetate successfully sustained growth,
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comparable to growth levels seen in the normal basal medium. The medium containing H, showed
comparable rates and extents of growth as in the normal basal medium. In contrast, the diluted
ocean simulant medium (Fig. 3(c)) sustained better growth with H, as an electron donor rather than
acetate, however less growth was generally observed than in the non-diluted ocean simulant medium.

Environmental simulation experiments

Here, the extents and rates of microbial reduction of ferrihydrite at non-standard Enceladus-relevant pH
and temperature were compared to reduction under standard conditions. No riboflavin was used.
Changes in dissolved Fe(Il) were measured, with results reported in (Fig. 4). As mentioned previously,
since changes to the solid phases were not measured, we expect the rates and extents of reduction
reported here to be lower limits of the true values. Magnetic susceptibility data are reported in
Fig. S3. Under standard conditions (pH 7 and 28°C, Fig. 4(a)), the ferrihydrite was rapidly reduced
with much of the reduction taking place in the first 5 days, releasing a maximum of ~1.13 mM Fe
(II) into solution. The reduction rate then decreased with the dissolved Fe(Il) showing few further
changes after around day 10. A small amount of reduction was observed at pH 9 (Fig. 4(b)) in the pres-
ence of bacteria, with a maximum of only ~0.07 mM Fe(II) released into solution by day 7. Almost no
changes in the dissolved Fe(Il) without bacteria were recorded. Little to no reduction was observed at
0°C (Fig. 4(c)), however, with a maximum of only ~0.01 mM Fe(II) released into solution by the end
of day 3.

Discussion
Structural effect of minerals on microbial iron reduction

In contrast to ferrihydrite, the bacteria reduced magnetite, haematite and cronstedtite much less readily
likely due to their higher crystallinities and lower specific surface areas (it is unclear whether the finer
amorphous material observed in the SEM images dispersed between the larger crystals are products of
microbial iron reduction). This was unsurprising given that the difficulty for bacteria to reduce crystal-
line Fe(Ill)-bearing phases in the terrestrial environment has previously been documented (e.g. Weber
et al., 2006; Cutting et al., 2009) and is thought to be due to the lower number of bioavailable active
surface sites compared to amorphous phases. The SEM images of haematite support this, with its blocky
morphology and highly crystalline nature likely hindering its susceptibility to microbial iron reduction.

The presence of riboflavin as an electron shuttle did enhance the extent of reduction in both haem-
atite and cronstedtite, except for magnetite where the amount of reduction observed without riboflavin
was greater. It is possible that the magnetite was already substantially reduced and thus oversaturated in
electrons, meaning that reduction in the presence of riboflavin would have a lesser effect than without.
Both haematite and cronstedtite show good potential for microbial iron reduction but over much longer
timescales than ferrihydrite, suggesting that crystallinity may not be the sole control over the reduction
potential. It is important to note, however, that the bacteria were grown using fumarate as an electron
acceptor (see Basal medium and bacteria stock preparation) rather than an iron-bearing mineral. This
ensured that there was no contamination of the iron minerals used here with any other sources of iron
which could have been transferred across if pre-incubations were performed using an iron-bearing min-
eral rather than fumarate. However, this does mean that the bacteria would not be adapted (at least at the
outset of the experiment) to using any of these minerals as electron acceptors. Therefore, we would
expect somewhat reduced rates and extents of reduction.

Despite the lack of significant microbial iron reduction observed in these three minerals compared to
ferrihydrite, the reduction of crystalline Fe(IlI)-bearing phases by alternative strains to G. sulfurredu-
cens has been reported, specifically by the metal-reducing bacteria Shewanella oneidensis (Brookshaw
et al., 2014), Shewanella putrefaciens (e.g. Kostka and Nealson, 1995; Kostka ef al., 1996) and a var-
iety of iron-reducing methanogens (Archaea) such as Methanosarcina barkeri (Liu et al., 2011) and
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Methanosarcina mazei (Zhang et al., 2012). Oxidation of crystalline Fe(Il)-bearing phases has also
been reported using the photoferrotroph Rhodopseudomonas palustris (Byme et al., 2015, 2016).
These studies have documented the reduction of phases including magnetite and the phyllosilicate
minerals biotite and chlorite, but more importantly the hydrous aluminium-rich phyllosilicate clay
minerals (smectite group) including nontronite — a mineral already predicted to be present at
Enceladus (Hamp, 2022). It is possible that the layered structure of the clay mineral groups allow
the bacteria to more readily access structural iron, especially in the presence of an electron shuttle.
Cronstedtite is also a hydrous phyllosilicate mineral in the serpentine group, and in this study is
shown to be readily reduced by G. sulfurreducens with and without the presence of an electron shuttle,
thereby supporting this hypothesis. It is currently unclear, however, whether any compounds currently
known in Enceladus’ ocean could function as electron shuttles for microbial metabolisms. On Earth,
redox-active organic molecules such as quinone- and hydroquinone-containing molecules present in
natural organic matter most readily serve as electron shuttles in the environment (Bai et al., 2020a,
2020c). Bai et al. (2020b) also show that high pH conditions can in fact promote the degradation of
organic matter and thus the release of redox-sensitive aromatic compounds which could serve as elec-
tron shuttle for microbial iron reduction, meaning that the high pH of Enceladus’ ocean could encour-
age the formation of these compounds. Whilst macromolecular organics have been detected in
Enceladus’ plumes (Postberg ef al., 2018b), it is uncertain whether quinones/hydroquinones are
amongst them. This work has highlighted the importance of electron shuttles in the metabolism of crys-
talline minerals, thus identifying whether any of the organics detected in Enceladus’ plumes could act
as electron shuttles could be key to understanding whether any minerals present at Enceladus could be
metabolized by bacteria in the ocean.

Additionally, cronstedtite here has shown the potential for natural release of Fe(II) into solution which,
whilst unimportant for iron-reducing bacteria, could be utilized by iron-oxidizing bacteria. SEM images
show that the cronstedtite exposed to bacteria appears largely unaffected whilst the cronstedtite control
possibly appears to have naturally disaggregated and reformed as a clump of finer blocky material.
Therefore, although the highly crystalline Fe(IlI)-bearing phases present in Enceladus’ silicate core
(e.g. magnetite) may not be readily accessed by iron-reducing bacteria, the products of water—rock inter-
actions in the alkaline hydrothermal environment including haematite and cronstedtite (plus others not
tested in this study such as clays including nontronite and green rust minerals) show much more promise,
even with a strain not optimized for the reduction of crystalline materials. Furthermore, it is possible that
the mineral assemblages and organic products (e.g. exopolysaccharides) produced during microbial
transformation of such minerals could serve as biomarkers for microbial iron reduction, and could
even be detected remotely by future spacecraft (Kashyap et al., 2022).

Electron donor effect on bacterial growth

H, is generally less effective than acetate as an electron donor in both the normal basal medium and the
Enceladus ocean simulant medium, with much less significant growth observed despite a comparable
initial growth rate. Acetate directly dissolved in the media is much more readily bioavailable than gas-
eous H, which will need to undergo exchange and dissolution with the media itself before it can
become bioavailable. Additionally, since the bacteria were pre-grown using acetate they will be well-
adapted to using this as the electron donor; switching the available electron donor to H, requires time
and energy for the bacteria to adapt. Microbial communities at Enceladus likely would not experience
this problem however. The hydrothermal vent systems should provide a continuous supply of dissolved
H,, directly detected in Enceladus’ plumes as Hy,) (Waite et al., 2017), and acetate ions (CH;COO™),
present at analogous alkaline vents on Earth (Kelley et al., 2005; Russell et al., 2010) and in carbon-
aceous chondrites (e.g. Cronin and Chang, 1993) (the proposed composition of Enceladus’ core), into
the ocean, meaning there should be multiple bioavailable species in the environment to serve as an
electron donor for microbial iron reduction. Cultures in the diluted ocean simulant medium grew
more successfully using H, as an electron donor. This may be due to a lessened efficiency of the
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acetate-metabolizing mechanisms when the concentrations of essential elements and nutrients are
diluted, however it is likely because there is simply more energy to be gained from the oxidation of
H, than acetate. Despite the high salinity and ionic strength six times greater than the normal basal
medium, the Enceladus ocean simulant medium shows excellent promise to sustain healthy cultures
of bacteria, even a strain not optimized for saline conditions. Assuming that the ocean simulant
medium is a good approximation for that of Enceladus’ ocean based on the most recent sampling
and model data, the ocean should contain all of the necessary ingredients at optimal concentrations
to sustain communities of iron-reducing bacteria.

Although not investigated in this study, a number of species thought to be present in Enceladus’
ocean could serve as viable oxidants for iron oxidizing bacteria. These include NO5, O,, and H,0,.
Therefore, as a variety of both oxidizing and reducing agents are likely dissolved in the ocean (Ray
et al., 2021), it is possible that a whole biogeochemical iron cycle could be taking place.

Effect of pH and temperature on ocean habitability

Both alkaline pH and low temperatures affected the efficiency of microbial iron reduction. This is unsur-
prising since it has previously been documented that iron reduction becomes less energetically favourable
at high pH (e.g. Marquart et al., 2019), and that lower temperatures kinetically affect the rates of reduc-
tion. Microbial communities would therefore be expected to inhabit the warmer vent environments at
Enceladus rather than live planktonically in the cold ocean, as is common around vent systems on
Earth. Since G. sulfurreducens is a neutrophilic strain, most previous studies have involved neutral pH
conditions. Few studies have tested the strain’s capabilities at non-standard pH, especially high pH.
Babauta et al. (2012), albeit studying how G. sulfurreducens behaves at acidic pH, performed experi-
ments at pH as low as 6, noting that growth was completely inhibited below pH ~5.5. Microbial iron
reduction does not appear to be completely inhibited at alkaline pH, with the experiments conducted
in this study showing a clear difference between those inoculated with bacteria and those without (the
negative concentrations were likely achieved due to poor instrument sensitivity at low iron concentrations,
but the relative trends can still be assessed). Microbial iron reduction has therefore been demonstrated at
non-standard conditions with a suboptimal strain of bacteria; a strain optimized for alkaline conditions
and tolerant of a wider temperature range would likely thrive in these conditions. As mentioned previ-
ously however, since the bacteria were grown using fumarate rather than an iron-bearing mineral as
the electron acceptor, the bacteria would not initially be adapted to using ferrihydrite as an electron
acceptor. Therefore, we would expect somewhat reduced rates and extents of reduction.

It seems plausible that Enceladus’ ocean has the necessary ingredients and environmental conditions
to be favourable for sustaining life, and in our case, iron-reducing bacteria. Life around hydrothermal
vent systems on Earth, including the Lost City, often consists of many different coexisting species
(Kelley et al., 2005). A similar scenario could therefore be expected at Enceladus, meaning it is import-
ant to understand how different microbial species interact to understand the bigger picture of
Enceladus’ ocean habitability. Marquart et al. (2019), although focussing on biogeochemical cycling
in terrestrial environments, present findings relevant to understanding how exactly iron reducers may
interact with other microbial species at Enceladus — specifically, methanogens. Recent work has in
fact shown that Enceladus’ ocean environment should be both chemically and thermodynamically
favourable for methanogens (Taubner et al., 2018; Aftholder et al., 2021; Higgins et al., 2021; Ray
et al., 2021; Tenelanda-Osorio et al., 2021). Marquart et al. (2019) find that the proportions of meth-
anogenesis and iron reduction taking place in a system is highly sensitive to pH with methanogenesis
completely displacing iron reduction as the energetically favourable metabolism at alkaline pH where
goethite was used as the iron source. Additionally, the efficiency of and balance between methanogen-
esis and iron reduction at alkaline pH where clay minerals were used as the iron source was much less
affected, since the reduction of clay minerals includes fewer protons and thus is less sensitive to pH.

Whilst Ray et al. (2021) predict a much lower free energy availability for iron reduction in Enceladus’
ocean, the results of Marquart et al. (2019) suggest that not only could methanogens and iron reducers
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become increasingly syntrophic (i.e. increasingly dependent on one another for growth) at alkaline pH,
the efficiency of these metabolisms should not be sensitive to pH when clay minerals serve as the iron
source. Enceladus’ ocean could possibly harbour communities of both methanogens and iron reducers
feeding off iron-rich clay minerals. If more crystalline Fe(Ill)-bearing minerals served as the primary
source, methanogenesis would likely completely outcompete and displace iron reduction as a viable
metabolism. Sulphate reduction — another common terrestrial metabolism — is, however, known to be
less sensitive to pH, often more favourable than iron reduction at alkaline pH (Postma and Jakobsen,
1996; Bethke et al, 2011), and more energetically favourable than iron reduction under
Enceladus-like conditions (Ray et al., 2021). Additionally, communities of sulphate-reducing bacteria
have already been discovered in a strong syntrophic relation with methanogens at the Lost City alkaline
vent system (Kelley et al., 2005; Brazelton et al., 2006). However, the presence, concentration and dis-
tribution of sulphur-bearing species at Enceladus is largely unconstrained at present, meaning that it is
uncertain how sulphate- and iron-reducing bacteria could behave together under Enceladus-like condi-
tions. The complex and intimate relationship between these key metabolic pathways is yet to be explored
to its full extent and contextualized for Enceladus’ ocean—vent environment meaning that these sugges-
tions are pure speculation. However, they would be interesting avenues for future work.

Conclusion

The recent work of Ray et al. (2021) postulated that Enceladus’ ocean could play host to a metabol-
ically diverse ecosystem of microbial life, paving the way for subsequent work to understand the via-
bility of non-methanogenic metabolisms in the ocean—vent environment. This study has shown that not
only is microbial iron reduction of crystalline Fe(Ill)-bearing phases formed during hydrothermal
water—rock interactions possible, and at alkaline pH, but an iron-reducing strain can successfully
grow in a simulated Enceladus ocean fluid using acetate and dissolved H, separately as electron donors
— two vent-derived molecules that should in abundance in the ocean. This work has also highlighted the
importance of electron shuttles in the metabolism of crystalline minerals, something which future stud-
ies should aim to better understand in the context of Enceladus. Impressively, this has been proven
using a suboptimal strain of iron-reducing bacteria — one which is not well adapted to alkaline and
saline conditions, to a wide range of temperatures, or to reducing highly crystalline minerals; future
work would look to isolate an alkaliphilic, halophilic iron-reducing strain which would be much
more tolerant of the conditions found in Enceladus’ ocean. Furthermore, this work has added additional
support for Enceladus as an astrobiological target in future missions, missions which could aim to
detect iron in Enceladus’ plumes or chemical signatures of biogeochemical iron cycling.

Supplementary material. The supplementary material for this article can be found at https:/doi.org/10.1017/
S1473550423000125
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