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habitability
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Past and present habitability of Mars have been intensely studied in the context of the search

for signals of life. Despite the harsh conditions observed today on the planet, some ancient Mars
environments could have harbored specific characteristics able to mitigate several challenges for the
development of microbial life. In such environments, Fe?* minerals like siderite (already identified on
Mars), and vivianite (proposed, but not confirmed) could sustain a chemolithoautotrophic community.
In this study, we investigate the ability of the acidophilic iron-oxidizing chemolithoautotrophic
bacterium Acidithiobacillus ferrooxidans to use these minerals as its sole energy source. A.
ferrooxidans was grown in media containing siderite or vivianite under different conditions and
compared to abiotic controls. Our experiments demonstrated that this microorganism was able

to grow, obtaining its energy from the oxidation of Fe?* that came from the solubilization of these
minerals under low pH. Additionally, in sealed flasks without CO,, A. ferrooxidans was able to fix
carbon directly from the carbonate ion released from siderite for biomass production, indicating that it
could be able to colonize subsurface environments with little or no contact with an atmosphere. These
previously unexplored abilities broaden our knowledge on the variety of minerals able to sustain life.
In the context of astrobiology, this expands the list of geomicrobiological processes that should be
taken into account when considering the habitability of environments beyond Earth, and opens for
investigation the possible biological traces left on these substrates as biosignatures.
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Recently, the knowledge about the planetary environments in our neighborhood has been vastly increased with
advances in space research and exploration. Particularly, Mars has been intensely studied, demonstrating that in
its past it had similar conditions to those found on Archaean/Proterozoic Earth!. Although present Mars presents
evidence of possible underground liquid water and transient surface water, its environment presents several
challenges for the establishment of life as we know it, such as low concentrations of organic matter, a high index
of ultraviolet radiation, high concentrations of oxidizing salts, low atmospheric pressure, among many other
deleterious conditions®®. Nevertheless, the formation of some microenvironments with specific characteristics
can mitigate some challenges for the development of life as we know it.

Near the South Pole of the planet, evidence of subsurface lakes has been observed, harboring liquid water
thanks to a high concentration of dissolved salts*. Although these subsurface environments prohibit the develop-
ment of photosynthesizing organisms, life under these conditions would be protected against ultraviolet radiation
from the Sun and also, to some degree, from more energetic radiation that comes from space as cosmic rays>.
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Further exploration of the planet has revealed that Mars presents numerous minerals that are formed in the
presence of water, like clay minerals, carbonates and sulfates, iron oxides, among others®. Geological features that
corroborate the past presence of widespread liquid water (e.g. abandoned deltas, fans, channels, and exhumed
channels) can also be observed on the surface of the planet’. Such aqueous environments probably presented
distinct chemical compositions derived from their geochemical contexts and could range, for example, from
alkaline to acidic waters®. This range of conditions would lead to mineral diversification, which can then be
studied to assess the habitability of past and present Mars environments.

Today, the harsh conditions on the surface of Mars are not favorable for the preservation of significant
amounts of organic matter, though a more widespread presence of it in the past cannot be discarded’. Chemo-
lithoautotrophy is regarded as a possible microbial metabolism able to fill niches where water could be available
on Mars, as it allows for the consumption of inorganic compounds, possibly the main energy sources available
for microbial growth on the planet'. This form of metabolism is observed in analog environments on Earth!!
and has been explored for applications in energy production'?, industrial scale processing of ores'®, and even in
space exploration, for example, in resource recovery and energy production on Mars'. Studies have evaluated
the microbe-mineral interactions between different organisms and rocks in the space environment, such as in
the BioRock experiment at the International Space Station'>'®. More specifically, there is also growing interest
in studies using meteorites, relatively easily accessible materials representative of rocks from different origins
in the Solar System', in addition to simulated Martian regolith as substrates for these mineral-microorganism
interaction studies'.

Considering only chemolithoautotrophic organisms interacting with meteorites, a pioneering work evaluated
a metallic meteorite as an energy source to sustain the growth of the extreme acidophilic bacteria Leptospirillum
ferrooxidans and Acidithiobacillus ferrooxidans'. Considering its status as a model organism for bacterial iron
oxidation, later studies also used A. ferrooxidans to access the capacity of other substrates to sustain its growth,
like carbonaceous chondrites and metallic meteorites®. Nevertheless, it is important to note that other chemo-
lithoautotrophic organisms have also been explored in this context, such as the archaecon Metallosphaera sedula
with ordinary chondrites*' and Martian meteorites* as substrates.

A. ferrooxidans is a Gram-negative extremophilic bacterium that displays a broad metabolic versatility, capable
of living in aerobic and anaerobic conditions and oxidizing different species of reduced sulfur and iron, grow-
ing optimally in pH 1.8 to 2.0. Industrially, it is of great importance in biomining and bioleaching processes of
copper ores*?. The oxidation of high concentrations of iron (as Fe?*) during its growth is associated with the
precipitation of minerals including Fe** oxyhydroxides and oxyhydroxide sulfates. In A. ferrooxidans cultures,
the first mineral to precipitate is schwertmannite (Fe**;0g(OH)s_»,(SO,4), 'nH,0, x=0.5 to 2), a metastable low
crystallinity phase?, that gradually reacts to form jarosite (XFe**;(SO,),(OH), with X representing, usually, a
monovalent cation such as K*, NH,*, H;0%, etc.)?.

Although the formation of jarosite can be biotically mediated, it can also happen abiotically in natural envi-
ronments. Even if these minerals have been proposed as possible biosignatures since isotopic fractionation in
iron oxyhydroxides has been associated with biological activity, its unambiguous identification as such and the
correct differentiation between its biotic and abiotic origin are still difficult to achieve®. This is important since
large areas showing signals of jarosite were reported on Mars, related to paleoenvironments with acidic waters?.

In this context, the importance of studying iron-oxidizing organisms in a Martian environment arises®. As
an example, Bauermeister®® tested different kinds of simulated Martian regolith as iron sources for the growth
of A. ferrooxidans in combination with other conditions present in the planet, such as UV-C radiation, salts,
and low temperatures. The simulated regolith used in this study contained Fe-bearing minerals such as olivine,
hematite, chamosite, goethite, and siderite. However, no studies were conducted to evaluate the capacity of each
specific mineral to sustain the growth of this organism.

Siderite (Fe?*CO;) has been detected on the surface of Mars by the Phoenix lander?® and also on Mars-derived
SNC meteorites®>*!. Meanwhile, on Earth, siderite stands out as one of the main Fe**-bearing minerals and can
be oxidized by autotrophic microorganisms*. This mineral is associated with biogeochemical cycles and is found
in different contexts, such as past depositions of banded iron formations (BIF) or marine sedimentation zones,
occurring in connection with potential biosignatures®, Vuillemin et al.>.

Vivianite (Fe?*3(PO,),.8H,0) is another mineral that can be associated with biogeochemical processes. The
mineral is found in freshwater and marine systems as a biogenic product® while it can undergo oxidation caused
by the action of neutrophilic*® or photoautotrophic microorganisms*. On Mars, even though no positive detec-
tion of vivianite has been done, its presence, along with other phosphates, can be expected in patches with high
concentration of phosphorus, since other common minerals could mask their existence®. Siderite and vivianite,
containing reduced iron and presenting high solubility in acidic solutions can be targets for acidophilic iron-
oxidizing bacteria like A. ferrooxidans but this interaction was still unexplored.

In this study, we describe the capacity of A. ferrooxidans to utilize siderite and vivianite as its sole energy
source for growth in the complete absence of organic matter. The ability of this extremophile to use Fe** from
these minerals as an electron donor for microbial metabolism was explored in the context of Martian habitability.
In addition, we report the novel finding that this organism can fix carbon directly from the siderite carbonate for
biomass production, expanding the habitable environments of Mars to include places with little or no contact
with its atmosphere.

Material and methods

Bacterial strain and culture media

The experiments were carried out using A. ferrooxidans strain LR, isolated from an acid leachate of a uranium
mine at Lagoa Real, in the state of Bahia, Brazil®. Subcultures of A. ferrooxidans were routinely kept in the
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laboratory at 30 °C in modified T&K medium*’, made by the mixing of two solutions, named A and B. Solution A
contains (NH,),SO, (0.625 g/L), K,HPO, (0.625 g/L) and MgSO,-7H,0 (0.625 g/L), with the addition of concen-
trated H,SO, to reach pH 1.8. Solution A is sterilized by autoclaving at 121 °C. Solution B contains FeSO,-7H,0
(166.7 g/L) with the addition of concentrated H,SO, to reach pH 1.8 and is sterilized by filtration. The culture
medium is a mixture of solutions A and B in a 4:1 ratio, resulting in a final solution with 120 mM of Fe**.

For the experiments using minerals (siderite or vivianite) as the sole iron source, T&K medium was modified
by removing the soluble iron (FeSO,7H,0) and supplementing it with the powdered mineral (< 125 pm particle
size). These media are henceforth designated siderite medium and vivianite medium.

During the flask experiments without atmospheric CO,, a culture medium with both soluble iron
(FeSO,-7H,0) and siderite was also used, designated siderite-FeSO, medium. In those cases, the mass of pow-
dered mineral added to the culture medium was calculated so the concentration of the total Fe?*/CO; % would be
approximately 5 mM. This value was chosen so that the mineral dissolution would have little effect on the overall
pH during the experiment. The final powdered mineral mass used in each case was calculated using the mass
of the pure form of the mineral and took into account the degree of purity obtained from the characterizations
of the substrates (Section "Mineral characterization".). During the sealed flask experiments with inert gas, T&K
medium with 60 mM of soluble iron (FeSO,-7H,0) was inoculated (as described in Section "Stock and inoculum
cultures".) and was grown for 48 h. After all the Fe** was oxidized to Fe**, 10 mL of the medium was transferred
to the glass vial, 10 g/L of sulfur (S5) was added and the glass vial was crimped, being then designated Fe**-sulfur
medium. In one of the conditions, approximately 5 mM of siderite (like previously explained) was also added.

Culturing procedures

Stock and inoculum cultures

For each experiment, an inoculum culture was prepared using 50 mL sterile Erlenmeyer flasks with cotton plugs
containing 20 mL of modified T&K medium, inoculated with 2% (v/v) of the stock cell suspension of A. ferroox-
idans, and grown at 30 °C in an incubator shaker table at 180 rpm. The Fe?* oxidation to Fe** in the inoculum
culture was monitored using the colorimetric method (described in Section "Colorimetric quantification of Fe**
and Fe**".) to identify the exponential growth phase (40 to 80 mM Fe**). Only during this phase the inoculum
culture was used as a source to inoculate the experiments.

Bioreactor experiments with siderite

A bioreactor system was assembled with two 100 mL stirred-tanks (working volume) operated as two parallel
batches in similar conditions (duplicates for each individual run). Experiments were conducted to assess two
distinct conditions: an abiotic assay (to evaluate the abiotic siderite dissolution and oxidation of Fe**) and a biotic
assay (inoculated with 2% (v/v) of an A. ferrooxidans inoculum culture at the exponential growth phase). In each
experiment, the previously sterilized vessels started with 100 mL of siderite medium, maintained at 30 °C with
a vigorous stir, constant aeration, and pH control (within the 1.7-1.9 range). The system was kept running for
one week with daily sampling. The system, whose layout is presented in the Online Resource 1, is composed by
an air pump (nominal air flow of 2 L/min) bubbling the air through a packed bed water column (1-2 mm glass
spheres in a 250 mL Dreschel bottle) for humidity saturation, designed to reduce water drag from the medium.
The air that leaves the Dreschel bottle reaches a splitter with a small valve control that separates the two air flows,
one for each bioreactor. Each flow goes through a tube with a lateral port used to manually inject small amounts
of pH =0 H,SO, solution to correct the pH of the culture during the experiment. Before reaching the bioreactor,
the flow crosses a sterilizing filter to avoid any medium contamination by the air. Each bioreactor is arranged in
a 100 mL Schott bottle whose cap was cut at the top and fitted with a rubber septum traversed by four elements:
inlet tube for aeration (water-saturated and filtered air), outlet sampling tube coupled with a needleless syringe,
pH sensor, and air outlet (hypodermic needle covered with hydrophobic cotton). Each bioreactor is placed inside
a beaker filled with water, monitored by a thermocouple from the thermostatic magnetic stirrer that controls the
temperature and the stir bar inside the bioreactor.

Sealed vial experiments without atmospheric CO, with siderite

For this experiment, each culture was made inside a sterilized 30 ml crimped glass vial, containing 10 ml of
culture medium and, for the biotic assays, 2% (v/v) of an A. ferrooxidans inoculum culture in the exponential
growth phase. A holdup gas exchange system was assembled with two hypodermic needles punching through
the rubber septum, one of them connected to a pressurized gas line of synthetic air (80% N, and 20% O,, White
Martins, 99.995% of purity), to bubble CO,-free gas inside the vial, and the other hypodermic needle to purge
the outlet gas. The system was kept running for several minutes in each vial until all the atmospheric CO,-rich
air was expelled from the flask. Six conditions were assembled (each one in triplicate): abiotic and biotic vials
with modified T&K medium; abiotic and biotic vials with siderite medium; abiotic and biotic vials with siderite-
FeSO, medium (Section "Bacterial strain and culture media".). All 18 vials were then conditioned at 30 °C in
a shaker table at 180 rpm during one week, with two sample withdraws: before crimping at the beginning and
after the opening at the end.

Sealed vial experiments with siderite and sulfur in an inert atmosphere

This experiment was assembled similarly to the flask experiments without atmospheric CO, with siderite (Sec-
tion "Sealed vial experiments without atmospheric CO, with siderite"), however the pressurized gas used was
pure helium (CO,-free and O,-free, White Martins, 99.995% purity). Two conditions were made in triplicate:
Fe**-sulfur medium with and without the addition of approximately 5 mM of siderite (as explained in Section
"Bacterial strain and culture media".). Prior to the flask closing, no new inoculum was added, as the oxidation
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of the Fe?* was already carried out by the initial addition of A. ferrooxidans to prepare the Fe**-sulfur medium.
Again, all 6 vials were then conditioned at 30 °C in a shaker table at 180 rpm during one week, with two sample
withdraws: before crimping at the beginning and after the opening at the end.

Experiments with baffled Erlenmeyer flasks and vivianite

The vivianite growth assays were performed using sterile 50 ml baffled Erlenmeyer flasks with a hydrophobic cot-
ton plug containing 20 ml of vivianite medium and, for the biotic assays, 2% (v/v) of an A. ferrooxidans inoculum
culture in the exponential growth phase. Both abiotic and biotic conditions were performed in triplicate. After
inoculations, the baffled Erlenmeyer flasks were conditioned at 30 °C in a shaker table at 180 rpm during one
week, with daily sampling.

Culture analytical procedures

Colorimetric quantification of Fe** and Fe**

To estimate the presence of the Fe?* and Fe** species in solution and in the minerals, colorimetric quantification
of both ions were continuously employed according to the methodology described in Gongalves Silva et al.>.
Complexation of the ferric ion (Fe**) was performed with a solution of potassium thiocyanate acidified with
sulfuric acid, while the ferrous ion (Fe?*) was complexed with the solution of o-phenanthroline buffered with
sodium acetate as described by Mendham et al.*!. Complexes of Fe** and Fe*" were measured at the wavelengths
of 510 and 470 nm, respectively, in a 10 mm-pathlength cuvette using an UV-Vis spectrophotometer (Thermo
Scientific NanoDrop 2000c¢). For quantification of Fe** and Fe*" in the mineral phase, an aliquot taken from the
experiment was centrifuged, the supernatant was discarded, and the pellet was washed with an equal volume
of a solution of H,SO,4 0.1 M. The process was repeated once more, and the final pellet was solubilized with an
equal volume of a solution of HCI 1 M.

Most probable number (MPN) determination of culturable cells

The determination of the concentration of culturable cells was performed based on the modified Most Probable
Number (MPN) assay described by Bauermeister et al.*2. An aliquot of culture medium containing the A. fer-
rooxidans taken from each flask of an assay underwent an 8-step serial dilution in modified T&K medium, in
which each step is 10 x more diluted than the previous one (corresponding to dilutions from 10' to 10%). After
the serial dilution, 20 pl of each dilution was transferred to separate wells of a 96-wells microplate containing
180 pl of modified T&K medium (process performed in six replicates). The microplate was then transferred to
a bacteriological incubator without shaking at 30 °C for growth for 14 to 21 days. The wells in which the A. fer-
rooxidans growth was observed (identified by the distinctive appearance of the orange-like color in the solution
associated with the Fe** formation) were enumerated and the Most Probable Number (MPN) was determined
using a calculation routine called MPN calculation program (Version 6)**. For the bioreactor experiments, the
MPN was determined in every sampling performed, while for both flask experiments only the initial and final
MPN were obtained.

Mineral characterization

The minerals used in the experiments were bought from experienced mineral dealers. The vivianite sample,
a mineral with theoretical formula Fe?*5(PO,),-8H,0, was from Bolivia. The siderite sample was from Morro
Velho mine, Nova Lima, Minas Gerais, Brazil. Both mineral samples were ground in a ceramic mortar and
pestle until forming a fine powder that was then sifted through a 120 Mesh sieve, allowing the collection of the
mineral particulate fraction under 125 pm of diameter. The procedures for characterization of the minerals are
described as following (except for the Fe?* and Fe** quantification that has already been described in the Section
"Colorimetric quantification of Fe** and Fe’*".).

The theoretical formula of siderite is Fe>*COs, however this mineral is rarely found as a pure specimen, usu-
ally having some amount of magnesium in its composition, taking part of a mineral series called the Magnesite-
Siderite series. The chemical characterization of the siderite used in the experiments allowed the calculation of
its chemical formula as (Mg se3Fe).42:M1 00sCag 005) CO3. This result puts the sample in the ferroan-magnesite
range of the Magnesite-Siderite series, also known as “mesitite”*, being characterized as a solid solution mineral
with Mg:Fe ratio between 70:30 and 50:50. As the focus of the experiments is in the interaction between the
microorganism and the Fe?* phase of the minerals, the ferroan-magnesite used in the experiments is referred just
as siderite in this work. The ground siderite also showed a 3.9% (w/w) of insoluble phase, giving a total recovery
0f 97.1% (w/w) of the analyzed sample. The result of the specific surface area measurement was 6.6873 m?/g for
the siderite powder used for the experiments.

Vivianite is a very light-sensitive mineral with an ideal composition of Fe?*;(PO,),-8H,0. How-
ever, in normal conditions, it slowly oxidizes, changing its composition accordingly to the ideal formula:
Fe**; \Fe’*,(PO,),(OH),-(8-x)H,0, where 0 <x <2, until reaching the composition of the mineral called meta-
vivianite, whose ideal formula is Fe** Fe** ,(PO,),(OH),-6H,0%. The chemical formula estimated for the mineral
at the moment it was used in the experiments, although slightly different from the ideal, was determined as
Fe?* 50, Fe ) 765(PO4),(OH), 705:7.063H,0. The result of the specific surface area measurement was 5.1411 m?%/g
for the powder used for the experiments.

Inductively coupled plasma optical emission spectrometry (ICP-OES).

The mineral powders were solubilized in a solution of 1 M of HCI, diluted in MilliQ water and characterized by
the methodology described in Gongalves Silva et al.?*. The ICP OES analyses were carried out in iCAP 6300 Duo
ICP optical emission spectrometer (Thermo Fisher Scientific) equipped with axial and radial viewed plasma and
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a charge injection device detector, which allows measurements from 166.25 to 847.00 nm. An echelle polychro-
mator was purged with argon, and a radiofrequency source of 27.12 MHz was used. The ICP OES was operated
in a radiofrequency power of 1250 W using a Meinhard nebulizer, a cyclonic spray chamber and an axial torch
orientation. The plasma gas flow was 15 L/min , the intermediate gas flow was 1 L/min and the nebulizer gas flow
was 0.45 L/ min . The samples were introduced at 1.5 mL /min and the wavelengths used for the identification
of the elements were: 317.9 nm for Ca, 238.2 nm for Fe, 285.2 nm for Mg and 257.6 nm for Mn.

Carbonate quantification

Carbonate concentration was measured by back titration. A weighted sample of siderite powder was slowly solu-
bilized in a solution of known volume of HCI (1 M), with the release of the CO;*" as CO, and the consumption
of 2 H*. After all siderite was solubilized, a titration was performed in the final solution using a solution of 1 M
of NaOH in the presence of a pH meter. The amount of NaOH used to neutralize the remaining acid in solu-
tion allowed calculating the HCI spent in the siderite dissolution and, by stoichiometry, calculating the original
amount of carbonate in the sample.

Phosphate quantification

A weighted sample of vivianite powder was solubilized in a known volume of HCI (1 M) and later diluted in
demineralized water to perform the colorimetric quantification of PO,** ions according to the modified method-
ology described in Lozano-Calero et al.*. A reaction solution was prepared with sulfuric acid (15%), antimony
potassium tartrate (4.5 mM), ammonium heptamolybdate (10 mM) and ascorbic acid (100 mM), added, in this
order, in the proportion of 5:1:5:5. The reaction was performed adding the sample and the reaction solution in
the proportion of 3:2 and incubated for 30 min. The complex formed was measured at 830 nm using an UV-Vis
spectrophotometer.

Insoluble phase quantification

A weighted sample of mineral powder was slowly solubilized in a known volume of HCI (1 M). The solution
was then filtered in a previously weighed dry filter paper of 0.45 um pores. The filter paper was dried in a drying
oven at 60 °C for 48 h and was weighted again. The difference in the weight was used to obtain the amount of
minerals in the powder that are insoluble in the acidic solutions.

Specific surface areas

The specific surface areas were obtained for both mineral powders in a Micromeritrics ASAP 2020 surface area
analyzer by the Brunauer-Emmett-Teller (BET) nitrogen adsorption method. The vivianite sample needed to be
previously dried by being heated to 120 °C overnight to avoid dehydration during the procedure, based on the
methodology by Luna-Zaragoza et al.*’. The samples were degassed and analyzed using a multipoint nitrogen
adsorption/desorption routine at room temperature.

Hydration quantification

The determination of the total number of hydration water molecules in vivianite was performed by thermogravi-
metric analysis (TG-MS), using a TG-DSC Netzsch thermobalance, model STA 409 PC Luxx. A small sample
of the powdered mineral was placed into the alumina crucible of the equipment and a linear heating rate of
10 °C/min was applied, raising the temperature to 1000 °C, meanwhile, a synthetic air flow of 50 mL/min was
maintained. The outflow was coupled to a QMS 403C Aeolos mass spectrometer set up to detect the presence of
molecules with the water 18 m/z signal.

Modelling

Dissolution kinetics

The dissolution process of the minerals in the presence or absence of A. ferrooxidans was interpreted as similar
to the kinetics of a first-order reaction. The direct quantification of the mineral concentration as a solid phase
in the culture medium faces some difficulties: due to the production of EPS by the cells*®, there is a small loss
of mineral that ultimately adheres to the bioreactor walls,besides that, the non-homogeneity of the solid phase
inside the bioreactor can also introduce bigger errors to the analysis. To avoid such errors, it was opted to use the
Fe?* concentration (product of the mineral dissolution in the abiotic experiments) as the input for the first-order
model fitting. In the biotic experiments, the total Fe>* concentration minus the Fe** concentration present in the
mineral (product of the Fe?* biological oxidation) was used as input, as the dissolution process is considered the
limiting step. The model fitting was performed using the Eq. (1)*

c=c¢sx (1 —exp(—k*t)) (1)

where c is the concentration of the product of the dissolution reaction (Fe?* in the abiotic assays and Fe*" in the
biotic assays) [mM/L]; ¢, is the final concentration (in t — infinite) of the product of the dissolution reaction
[mM/L]; k is the dissolution rate [h™!]; and t is time [h].

Growth kinetics

The microorganism growth rate was directly estimated by fitting a growth kinetics model on the cell concentra-
tion estimate obtained by the MPN method (described in Section "Most probable number (MPN) determination
of culturable cells".). In the absence of cell concentration data, an indirect growth rate value was obtained using
the dissolution kinetics (as described in Section "Dissolution kinetics"). This approximation is possible because
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it was demonstrated that the dissolution process was the limiting phase during the A. ferrooxidans growth. The
growth kinetics model used is shown in Eq. 2%.

X = Xo * (exp(net * 1)) )

where X is the cell concentration in the exponential phase [MPN/L]; X, is the initial cell concentration in the
exponential phase [MPN/L]; p,., is the growth rate [h™']; and t is time [h].

Results

Siderite cultures

Bioreactor experiments

The siderite abiotic assay was performed using bioreactors operating as two parallel batches in similar conditions
(duplicates). This assay allowed the evaluation of the dissolution of the siderite in the culture medium and the
natural process of oxidation of the Fe?* ion while optimum culture conditions were kept (30 °C, constant aeration
and pH control within the 1.7-1.9 range). After 192 h of experiment, the dissolution of the siderite was carried
out until almost completeness (Fig. 1c).

It was possible to see that, after 120 h of the experiment, the concentration of minerals in the solid phase
dropped to almost zero, observed as a color change of the medium: going from an opaque cream-white suspen-
sion to a light white and transparent medium with very low turbidity. The Fe** concentration was constant and
near zero for the duration of the abiotic experiment, indicating low abiotic oxidation. The Fe** concentration
grew faster in the first 48 h, and then slowed down until reaching a constant value in the last samplings, indicating
the stabilization of siderite solubilization. This pattern was interpreted as similar to the kinetics of a first-order
reaction, and the fitting of such model gave a dissolution rate of k=0.05+0.01 h™" (Fig. 2). Considering the spe-
cific surface area, this represents 9.22*10~? mol/(s*m?) for pure siderite, that is similar to both values (9.98*10~?
and 1.15*107® mol/(s*m?)) obtained by Cullen et al.’!, in similar conditions (pH =2 and 0.01 M of MgSO,). A
summary of the results can be found in Table 1.

The biotic assay was performed in the same conditions as the abiotic assay, but it was inoculated with 2%
(v/v) of the stock cell suspension of A. ferrooxidans at the exponential growth phase. The inoculum introduces
in the system a small amount of Fe?* and Fe** from the previous culture and can be seen in the first sample point
(Fig. 1b) (for the calculation of the dissolution kinetics, these values were not taken into account). The initial
Fe?* is consumed prior to the next sampling (24 h) and during the rest of the experiment is always negligible,
demonstrating that the biological oxidation was the faster step while the siderite dissolution was the limiting
step of the process. These facts make possible the use of the total Fe** concentration (soluble and precipitated
Fe**) for the kinetic modelling (Section "Dissolution kinetics".).

Cultures using T&K medium with only soluble Fe** show the precipitation of Fe** minerals (characterized
by its yellow color) after reaching Fe** concentrations up to 100 mM?. In the cultures described in the present
work, using the siderite medium, the observation of a slow color change began even before the first 24 h period.
The culture went from opaque cream-white at the beginning to a light beige/yellowish suspension with a higher
turbidity than the observed at the end of the abiotic assay, indicating the formation of a precipitate. Besides that,
there was a visible and increasing deposition of the precipitate, made up of a mixture of the minerals (siderite and
Fe** minerals) in the walls of the bioreactor, making it difficult to execute the quantification with high precision.

The total Fe** showed a slow increase during the whole experiment, reaching a probable stability only in the
last two samplings, while not all of the siderite was dissolved. To confirm that the oxidation was being used by
A. ferrooxidans cells to obtain energy, the MPN methodology was performed to determine the concentration of
culturable cells during the experiment. The cell concentration during the experiment also showed an increase,
reaching two orders of magnitude of growth (Fig. 1a). The MPN concentration growth coincided with the Fe**
curve pattern (Spearman correlation p=0.967, p>0.001). The dissolution kinetics for the siderite in the biotic
assay was found to be much slower than the one observed for the abiotic assay (Fig. 2), demonstrating how the
action of this microorganism can strongly influence the mineral dissolution. Although the process behind this
difference is not yet understood, the production of EPS by the bacteria could be responsible for covering the
mineral and reducing the contact area between the mineral and the solution. The dissolution rate obtained was
k=0.021+0.006 h’, this represents 3.87¥10~° mol/(s*m?), that is, more than twofold slower than the abiotic assay.
The pattern of growth rate obtained for the A. ferrooxidans using the MPN assay shows a fast increase of the
cellular concentration in the first 24 h, when the Fe** available was abundant. However, after the consumption of
the initial Fe?*, growth rate became limited by the dissolution rate. After the first 24 h, the growth rate observed
Was e =0.017£0.002 h™!, similar to the dissolution rate but 11-fold slower than the growth of this strain in its
optimal conditions?. At the end of the culture, it was observed a 124-fold increase in cell concentration.

Sealed vial experiments without CO,

To probe the ability of the A. ferrooxidans to grow using siderite as its sole source of Fe** and carbon (assimilated
as inorganic carbon by CO, fixation), an experiment with a CO,-free atmosphere was designed. The assay was
designed to run during one week to give enough time for the organism to grow, but after about three days the
typical orange color of the high concentrations of Fe** was already observed in the biotic flasks with siderite-
FeSO, medium. This condition was the only one that also presented the deposition of minerals precipitated in
the walls of the flask. Table 2 presents the concentrations of the Fe** and Fe** at the beginning and at the end of
the experiment. The abiotic condition using just T&K medium showed a high level of abiotic oxidation of the
Fe?*, producing 13.8 + 1.6 mM of Fe*". Meanwhile, the biotic condition reached an even higher Fe?* oxidation,
reaching a twofold higher concentration of Fe** at the end point. Yet, the Fe** available at the end was still higher
than 100 mM in both cases. The fact that in the biotic condition showed a higher Fe** oxidation indicated that
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Figure 1. Bioreactor experiments using siderite. (a) Increase in the culturable cell concentration (MPN) during
the biotic assay (coinciding with the Fe?* oxidation, Spearman correlation p=0.967 for p>0.001). (b) Biotic
assay showing the microorganism-mediated soluble Fe?* oxidation and total Fe** accumulation. (c) Abiotic assay
showing the siderite dissolution with Fe?* accumulation and very low oxidation to Fe**.

some of the iron oxidation was the biotic process of energy gain and that it may not be directly coupled to the
carbon fixation for the biomass production. The abiotic condition of the siderite-FeSO, medium showed a similar
pattern of the abiotic condition using just T&K medium with a Fe** concentration of 16.8 +0.5 mM. However,
the biotic counterpart showed a very different result, reaching 142.2 + 13.4 mM of Fe** with only 0.3 0.1 mM
of Fe?* available, of which nothing was found as soluble Fe** (not shown). As mentioned, precipitate deposition
was seen over the walls of the flask and the final total iron recovery in the biotic condition was different from the
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Figure 2. First-order model fitting for the siderite dissolution during the bioreactor experiments by the direct
accumulation of Fe?* (abiotic assay) and accumulation of Fe** after the biotic oxidation of Fe?* to Fe** (biotic
assay) (see Section “Modelling”).

Mineral Dissolution rate (h™!)* | Specific dissolution rate (mol/s*m?) | Growth rate (h-!)*
Abiotic | 0.05+0.01 9.22*107° -

Siderite
Biotic 0.021£0.006 3.87%10°° 0.017£0.002
Abiotic | 0.027+0.011 2.93%10°° -

Vivianite
Biotic 0.033+£0.014 3.85%107° 0.07+0.03

Table 1. Summary of the dissolution and growth rates obtained in the abiotic and biotic cultures using siderite
and vivianite. *The confidence interval corresponds to the parameter fitting error.

Total Fe?* Total Fe** Log;o MPN/ml
Medium Initial Final Initial Final Initial Final
Abiotic | 143.64+0.76 | 132.3+6.76 1.58+0.06 |13.86+1.58 - -
T&K (FeSO,)
Biotic 145.74+2.14 | 118.7+10.51 1.70£0.03 |26.37+7.85 5.32+£0.00 | 6.32+£0.85
Abiotic | 5.48+0.47 6.15+0.39 2.12+0.31 |3.24+0.23 - -
Siderite

Biotic 4.98+0.20 2.18+0.46 2.24+0.10 |6.91+0.20 5.61+0.17 | 7.01+0.27
Abiotic | 150.06+5.08 | 148.60+1.47 |3.99+0.11 | 16.82+0.58 - -
Biotic 5.48+4.53 0.33+£0.11* 3.54+0.07 |142.19+13.42* |5.33+0.12 |8.17+0.23

Siderite-FeSO,

Table 2. Summary of the concentrations of Fe** and Fe** at the beginning and end of the flask experiments
without CO, in the six different conditions in triplicate. *Denote values with higher quantification error due to
loss of material located on the flask wall.

abiotic condition recovery. The abiotic condition of the siderite medium also has some degree of oxidation and
production of Fe** (3.2+0.2 mM), yet just half of the produced in the biotic condition (6.9 +0.2 mM). An impor-
tant difference between the two conditions was the accumulation of Fe?* in solution in the abiotic (4.7 +0.1 mM),
while the biotic culture showed just a minimal concentration of 0.29 + 0.04 mM of Fe?* in solution, a value similar
to those seen during the bioreactor biotic cultures. Yet, not all siderite was solubilized, and it was still found at the
bottom of the flask, probably due to the poor mixing when comparing the conditions found in the bioreactor. All
the Fe?* oxidation in the abiotic conditions can be explained by the presence of oxygen in the CO,-free synthetic
air mixture used in the holdup gas exchange®. This helps to highlight the effect of the presence of molecular
oxygen (O,)** and other species on Mars that can lead to Fe?* oxidation and the formation of abiotically induced
minerals of astrobiological interest, like jarosite, in natural environments, making the process of identifying
unambiguous biosignatures more complicated. The MPN assay results for the biotic conditions (Fig. 3) shows
that in all three conditions tested the increase of the cell concentration was observed , though in very different
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Figure 3. Determination of culturable cells (MPN) during the flask experiments without CO, in the three
conditions: presence of soluble iron (120 mM of FeSO,-H,0), presence of siderite (equivalent to ~5 mM of pure
FeCO;), and presence of both together.

scales: the T&K medium condition showed only a slight increase in cell concentration, up to eightfold the initial
concentration,the siderite medium condition presented a 25-fold increase in cell concentration,and the siderite-
FeSO, medium showed the most expressive growth, up to 681-fold the initial concentration.

Sealed vial experiments with inert gas

The experiment with an inert holdup gas was designed to access the ability of A. ferrooxidans to grow using
siderite as its sole source of carbon (assimilated as inorganic carbon by CO, fixation) in an environment without
contact with the atmosphere (or contact with an inert atmosphere). The assay was carried out during one week to
give enough time for the organism to grow while reducing the previously produced Fe®* in a great extent, which
can be observed as a color change from the typical strong orange to a light yellowish hue (still from the presence
of Fe**). All the 6 flasks had from the preparatory growth in T&K and before being sealed in the CO,-less condi-
tions, 63.9 + 0.4 mM of Fe** and a minimal residual concentration of Fe?* lower than 1 mM. Both conditions, with
and without siderite, showed a reduction of Fe** to Fe?*, as the reaction of sulfur oxidation with iron reduction
to gain energy is not directly coupled to the carbon fixation for biomass production. Nevertheless, the presence
of residual atmospheric gases cannot be completely ruled out. The condition without siderite showed a produc-
tion of 15.2 £ 0.3 mM of Fe?*, leaving 33.6 + 2.3 mM of Fe** in solution, pointing to the possible precipitation of
some iron (probably as jarosite and/or schwertmannite, whose solubility in the medium pH is lower than the Fe**
species), but that is visually indiscernible from the sulfur powder in suspesion (that is also insoluble). However,
the condition with siderite showed a much higher reduction of iron, presenting 32.7+ 6.4 mM of Fe** and only
15.9+5.9 mM of Fe** in solution, that is, a concentration of reduced iron two-fold higher than the condition with-
out siderite. The cell concentration with the added siderite went from 6.0 x 107 MPN/mL (7.78 £0.17 log,,MPN/
mL) to 1.1x 10* MPN/mL (8.05 +0.09 log,,MPN/mL), compared to a final value of 1.9x 10’ MPN/mL (7.28 +0.11
log,(MPN/mL) without siderite, demonstrating the growth of A. ferrooxidans only in the presence of this mineral.

Vivianite—experiments with baffled Erlenmeyer flasks

The abiotic assay was performed to evaluate the dissolution rate of the vivianite in the culture medium and to
quantify the natural oxidation rate of the Fe>* ion without the presence of the microorganisms. However, differ-
ently from the bioreactor experiments using siderite, to perform the vivianite experiments baffled Erlenmeyer
flasks were used, incubated in temperature- regulated shaker tables. This setup allows the control of all the
main environmental conditions (30 °C and constant aeration), except for the pH. The abiotic medium was kept
under these conditions during 168 h, during which the vivianite dissolution and the color change of the solution
occurred (going from an opaque navy blue to a lighter but still opaque blue color). The mineral dissolution was
fast and happened mainly in the first 48 h of the experiment, represented by the fast increase of the soluble Fe**
concentration succeeded by a stationary phase that lasted until the end of the experiment (Fig. 4c). The total
Fe** concentration in solution was 3.6 + 0.7 mM at the end. Meanwhile, during the experiment, the ratio of the
concentrations of total Fe*>*/Fe’" was in agreement with the Fe**/Fe®" ratio observed in the chemical formula
obtained for the mineral, within a maximum error < 20% (not shown). The constancy in Fe** concentration and
the similarity in the Fe**/Fe** ratio during the experiment indicates that the main source of Fe** was the mineral
per se, endorsing a condition of low abiotic oxidation. Again, the dissolution pattern was interpreted as similar
to a kinetics of a first-order reaction and, after corrected by the ratio of Fe?* in vivianite molecule (2.202:1), the
fitting in such model gave a dissolution rate for vivianite of k=0.027£0.011 h™! (Fig. 5), which, considering the
specific surface area, represents 2.93*10° mol/(s*m?) of Fe**.
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Figure 4. Flask experiments with baffled Erlenmeyer flasks using vivianite. (a) Determination of culturable
cells (MPN) at the beginning and the end of the biotic experiments. (b) Biotic assay showing the organism
mediated soluble Fe?* oxidation and total Fe** accumulation. (c) Abiotic assay showing the vivianite dissolution
with Fe?* accumulation and small increase of total Fe** concentration (very low oxidation) compared to the
original content in the mineral.

The biotic assay was performed similarly to the abiotic assay, but with the addition of the stock cell suspension
(2% v/v) from an A. ferrooxidans culture at the exponential growth phase. As previously stated, this introduces
a small amount of Fe?* and Fe’* in the biotic experiment flasks from the previous culture and those values are
subtracted during modelling the dissolution rate. Like in the biotic siderite experiments, it is shown that once
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Figure 5. First-order model fitting for the vivianite dissolution during the flask experiments with baffled
Erlenmeyer flasks experiments by the direct accumulation of Fe?* (abiotic assay) and accumulation of Fe** after
the biotic oxidation of Fe?* to Fe** (biotic assay) (see Section “Modelling”).

the initial Fe?* is oxidized by the A. ferrooxidans in the first 24 h, its concentration is kept low until the end at
168 h (Fig. 4b). The total Fe** concentration showed a fast increase during the first 24 h then kept some stability
until the end of the experiment, in contrast to the abiotic assay where just after 48 h no substantial increase was
observed. Despite the similarity of the total Fe*>* concentration curve in the biotic assay and the soluble Fe?*
concentration in the abiotic assay, it was observed an average difference of 5.1+ 1.9 mM between them. This
difference is compatible with the average total Fe** concentration in the abiotic assay, showing the conversion
of the soluble Fe?* in Fe** by A. ferrooxidans. Due to the lower volume of culture medium and the impossibility
of online pH measurements in this apparatus, it was opted to not perform the pH control in this experiment
and to perform the MPN methodology to determine the concentration of culturable cells only at the begin-
ning and the end of the assay, providing only the overall growth of the A. ferrooxidans. A sixfold increase in
cell concentration was verified in the vivianite experiments (Fig. 4a), however, the magnitude of this increment
was much smaller than the observed for the bioreactor experiments using siderite. After subtracting the total
Fe** present in the cultures that came from the addition of the vivianite (calculated from the abiotic assay) and
correcting the molar ratio of Fe?", it was possible to perform a fitting to estimate a dissolution rate for vivianite
0ofk=0.033+0.014 h™! (Fig. 5), which, considering the specific surface area, represents 3.85*10~° mol/(s*m?) of
Fe?*. Based o n the behavior observed for the siderite assay (Fig. 1b) of dissolution as a limiting factor and the
concordance between MPN and the total Fe** curves, the direct value of the dissolution rate, without the molar
correction of Fe?* is also interpreted as the value of the growth rate of the A. ferrooxidans, whose value was
Hpe=0.07£0.03 h™'. A summary of the dissolution and growth rates can be found in Table 1. This growth rate is
almost threefold slower than the rate of this strain in the optimal conditions? and fourfold higher than the one
estimated for the siderite assay. Contrary to the siderite experiments, it was noticed only a minimal amount of
solid phase material (powdered vivianite and precipitated minerals) stuck on the flask walls in this experiment
using baffled Erlenmeyer flasks. Reflecting the fast increase of the Fe** in the insoluble phase, it was observed
that the medium went from an opaque navy blue to a lighter but still opaque yellowish-blue color.

Discussion

Siderite

The study of the habitability of environments beyond our planet is of great importance for understanding the
possibility of the existence of past or present life outside the Earth and our ability to colonize those environ-
ments. Mars is today the focus of a space race and many missions have been and still are dedicated to studying
and scrutinizing all aspects of its composition and chemical and geological conditions. This helps to bring
a great influx of information and discoveries from different kinds of environments on the planet that could
sustain or could have sustained life as we know it. Considering the actual conditions in the planet, the lack of
organic compounds imply that an autotrophic metabolism could be advantageous for organisms living there?.
Techniques employed today to explore the mineralogical composition of Mars only allow the identification of
the major phases that make up the crust of the planet. Yet, some common minerals identified, like olivine, are
able to sustain chemolithoautotrophic life from Earth®. The presence of siderite was already inferred in differ-
ent places of Mars through analyses made by orbiters and rovers, and it was also detected in Martian meteorites
recovered on Earth®.. Although not accurately covering the simulation of the complete environmental condi-
tions, the presence of these and other minerals allowed geochemical simulations of complex Martian regolith
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that demonstrated the capacity of minerals from the planet to sustain the development of chemolithoautotrophic
organisms such as A. ferrooxidans*>.

During the biotic experiments in the bioreactor in the presence of siderite, the biotic oxidation of the Fe**
released by dissolution of the mineral and the fast increase in cell concentration of A. ferrooxidans demonstrated
the capacity of this mineral to sustain the microbial growth, functioning as its sole source of energy. Yet, the
similarity in the growth rate of the organism and the dissolution rate of the mineral implied that the dissolution
process can be a limiting factor for the growth. The slower dissolution of the mineral in the biotic assay shows
that the microorganism can, somehow, influence in this process. As mentioned before, o ne hypothesis proposed
is the larger production of EPS in the presence of a solid substrate®® that could cover the mineral, slowing its dis-
solution. However, the reason for this slowdown is not yet known, and it was not possible to assess the existence
of any direct action of the microorganism towards the decrease of the mineral dissolution rate. This comes in con-
trast with the known process of EPS-mediated dissolution carried by this microorganism on sulfide minerals>.

Large amounts of superficial water are not present on Mars, however subsurface lakes were already detected
in the Southern Hemisphere of the planet, although their exact environmental conditions (like temperature and
salinity) are not yet known®. This detection brings more elements to the debate about the presence of liquid water
in the planet and if the conditions necessary for that are still found there nowadays. For swallow areas, the very
low concentration of oxygen could be able to directly sustain an aerobic metabolism*, while simulations show
that other aqueous near-surface environments could also be supplied by dissolved oxygen diffusing through
supercooled brines in contact to the atmosphere in sufficient quantities to sustain the aerobic life, specially near
the poles®. The exact salt compositions of such brines are unknown, however the presence of perchlorates®,
sulfates® and carbonates®® are implied due to their detection in high concentrations in the planet. A. ferrooxidans
is very susceptible to the presence of chlorides and perchlorates, however can survive in high concentrations of
MgSO,, up to 10% (w/v)?. Cullen et al.*! have shown that siderite can dissolve in acidic brine conditions even
in the presence of high concentrations of MgSO,, up to 3 mol/L. Thus, this indicates that a sufficiently warm
environment on Mars with the presence of siderite in acidic brines of MgSO, with atmospheric supply of oxygen
could bear the presence of a chemolithoautotrophic organism like A. ferrooxidans.

The experiments without CO, and with an inert atmosphere demonstrate that siderite can also contribute to
the habitability of environments devoid of contact with the atmospheric CO,. In these assays, the final cell con-
centration increase was not the same as the bioreactor assay, probably due to the far-from-ideal mixing condition
of the flasks in the shaker table, leading to an incomplete dissolution of the siderite, and the lack of control of
the pH of the solution. On the other hand, the cell concentration of the cultures showed a small, but statistically
relevant growth. These conditions can blur the evidence of the capability of siderite to be a carbon provider, how-
ever, in the experiments without CO,, the medium enriched with soluble Fe?* (siderite-FeSO, medium) showed
that the siderite can not only be the sole energy source for A. ferrooxidans, but also can provide the inorganic
carbon to its production of biomass. This finding effectively expands the conditions known to be capable to sup-
port life as we know. Meanwhile, while both conditions with inert gas showed Fe** reduction, the statistically
relevant difference between the conditions with and without siderite also reinforces its ability as an inorganic
carbon provider for A. ferrooxidans to produce its biomass. In a broader view, siderite could also contribute to
the habitability of past Mars as the carbonate deposits are associated with water weathering of rocks bearing Mg
and Fe minerals in an atmosphere of high partial and absolute CO, pressure®’. During the complex history of
Mars, it was possible that this siderite could then be exposed to acidic environments® and oxidizing conditions
that suggest the presence of oxygen®. As said before, the putative presence or absence of CO, in subsurface lakes
should not interfere in its growth potential when siderite, or other carbonate minerals, is present. Nevertheless,
the presence of aqueous environments in the surface of Mars presents an alternative niche in which the pres-
ence of life can be assessed. One of the challenges for life to thrive on Mars today, and probably also in the past,
is the high levels of radiation flux experienced by an organism living on its surface®, being that A. ferrooxidans
is especially sensitive to UVC?. On Earth, A. ferrooxidans can be found adhered to the surface of minerals, if a
similar situation happened on Mars, a thin layer of oxidized iron from the regolith could provide a protection
to UV radiation'®. However, in the proposed aqueous scenario, t he fast dissolution of the siderite and the biotic
oxidation of Fe?*, together with the iron from the regolith, could be the providers of Fe**, known to absorb large
amounts of UVC, creating a protective layer even in low concentrations or in shallow waters?%, Meanwhile,
despite the fact that no sulfur (Sg) has been directly detected on Mars yet, the past of the planet points to strong
volcanic activity and elemental sulfur associated to that might have been present®’. Again, subsurface lakes on
Mars could provide minerals to sustain a microorganism like A. ferrooxidans even if there is no contribution of
gases from the atmosphere or locally generated oxygen, through anaerobic growth and mineral carbon fixation.
This way, the association of different conditions with simple minerals and species like sulfur, siderite and soluble
Fe** could expand the environments on Mars that could be habitable to life as we know it.

Vivianite

Among the main biogenic elements (usually referred to by the mnemonic CHNOPS), phosphorus is the one
with the lowest concentration in the universe and can be considered a concern during the search for habitable
environments®2. However, some estimations about the concentration of this element on Mars point to the pos-
sibility of mantellic concentrations up to tenfold higher than that on Earth®. The main phosphates found in
meteorites can be readily leached in acidic water, while some possible secondary phosphates formed from this
process, like Fe-phosphates, also show rapid dissolution rates®. The solubilization and precipitation cycle that
could arise from this in a planet with abundant acidic aqueous environments can contribute to a high mobility
of phosphorus in the planet, reflecting in the formation of patches of soil with up to 2.4% wt. of P**. Neverthe-
less, the exact minerals that bear this phosphorus are yet unknown, and a high number of candidates appears
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in a list of phosphates whose signal is indistinguishable by the equipments employed in the exploration of the
planet (for example®. During the growth experiments, the mineral chosen was vivianite, a relatively common
Fe?*-bearing phosphate found on Earth and whose presence on Mars is considered a possibility . As seen during
the growth experiments using siderite, the biotic oxidation of Fe?* when compared to the abiotic assays and the
significant increment in the cell concentration showed that A. ferrooxidans is able to use vivianite as its sole source
of energy. Likewise to the siderite, the vivianite could be present in superficial and subsuperficial acidic lakes in
past and current subsuperficial brines on Mars, expanding the number of known Fe?* sources able to provide
energy to organisms with metabolism similar to that of A. ferrooxidans. Besides being a source of rapidly- dis-
solved Fe**, vivianite could also provide to the aqueous environment a great influx of bioavailable phosphate,
an important resource for life. The similarity of the concentration curve of soluble Fe?* and the Fe** produced
by the microorganisms (total Fe’* minus the Fe** contained in the mineral) show that the limiting factor during
the A. ferrooxidans growth is the dissolution of the mineral and that it is not possible to assess the existence of
any direct action of the microorganism towards the increase or decrease of the mineral dissolution. Different
from the siderite experiments, a significant difference was not seen on the solubilization of the mineral between
biotic and abiotic assays. Considering the hypothesis of EPS production influencing the mineral solubilization,
a faster dissolution of vivianite in the biotic assays (threefold faster than the siderite) may not have left the
necessary time for cells to produce enough EPS to affect the dissolution rate. This could be corroborated by the
absence of precipitate deposition over the flask walls, associated with a more turbulent flux introduced by the
baftled Erlenmeyer flasks. On the other hand, the unavailability of pH control prevented the maintenance of
the cultures in the ideal value of ~ 1.8, leading to an underestimation of the vivianite dissolution rate. Although
the exact values of the pH during the experiments were not obtained, the formation of ferric oxides and inhibi-
tion of the A. ferrooxidans at pH > 2.5 can draw a maximum value for the solution pH during biotic and abiotic
experiments®. This could also help to explain the poor results of cellular growth. The influx of Fe** to solution
in the vivianite biotic assay was almost sevenfold higher than the influx during the siderite biotic assay, while
the growth rate was only fourfold higher. Yet, the imprecision of indirect measure of the growth rate during the
vivianite experiments could also introduce higher uncertainties.

Conclusion

The intense investigation of the surface of Mars has been revealing a complex geological history entangled in the
extreme environmental changes that the planet suffered. Associated to these processes, there is the emergence of
many major and minor mineral phases, some already identified and some yet to be uncovered. Those minerals
may still hide an unexplored potential to sustain microorganisms, providing essential elements for the growth
of chemolithoautotrophic communities. Thus, it was shown that Fe** from siderite and vivianite can be accessed
by the acidophilic bacterium Acidithiobacillus ferrooxidans, so that the ion oxidation is the only energy source
for the development of the organism. In addition, siderite can provide both the iron species for energy and the
carbon, in the form of the carbonate ion, for the cells to produce their own biomass. Thus, the only external input
necessary for an aerobic, iron-oxidizing growth of the bacterium in siderite is a small amount of oxygen or, in an
anaerobic gasless condition, the coupling of sulfur oxidation and Fe** reduction with the carbon fixation from
siderite. The occurrence of these conditions might have been common in ancient Mars and isolated subsurface
environments that share some of these characteristics could still be plausible in the present. The growth of
microorganisms using the minerals as described expands the list of possible scenarios able to harbor the elements
necessary for the flourishing of life outside Earth. Therefore, these novel geomicrobiological processes should be
taken into account during the analysis of an extraterrestrial environment, broadening its astrobiological potential
and prospects of its habitability.

Data availability
The datasets generated during and/or analyz ed during the current study are not publicly available but are avail-
able from the corresponding author on request.
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