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Abstract 

Water present on early Mars is often assumed to have been habitable. In this study, experiments 

were performed to investigate the habitability of well-defined putative martian fluids and to 

identify the accompanying potential formation of biosignatures. Simulated martian 

environments were developed by combining martian fluid and regolith simulants based on the 

chemistry of the Rocknest sand shadow at Gale Crater. The simulated chemical environment 

was inoculated with terrestrial anoxic sediment from the Pyefleet mudflats (United Kingdom). 

These enrichments were cultured for 28 days and subsequently sub-cultured seven times to 

ensure that the microbial community was solely grown on the defined, simulated chemistry. 

The impact of the simulated chemistries on the microbial community was assessed by cell 

counts and sequencing of 16S rRNA gene profiles. Associated changes to the fluid and 

precipitate chemistries were established by using ICP-OES, IC, FTIR, and NIR. The fluids 

were confirmed as habitable, with the enriched microbial community showing a reduction in 

abundance and diversity over multiple subcultures relating to the selection of specific 

metabolic groups. The final community comprised sulfate-reducing, acetogenic and other 

anaerobic and fermentative bacteria. Geochemical characterization and modeling of the 

simulant and fluid chemistries identified clear differences between the biotic and abiotic 



2 
 

experiments. These differences included the elimination of sulfur owing to the presence of 

sulfate-reducing bacteria and more general changes in pH associated with actively respiring 

cells that impacted the mineral assemblages formed. This study confirmed that a system 

simulating the fluid chemistry of Gale crater could support a microbial community and that 

variation in chemistries under biotic and abiotic conditions can be used to inform future life 

detection missions. 

Introduction 

Liquid water is central to the existence of all currently known terrestrial life. Therefore, the 

arid surface of modern Mars is a major barrier to habitability (Martín-Torres et al., 2015; 

Cockell et al., 2016). Yet, there is evidence for much wetter conditions on early Mars (4.1–3.0 

Gya) (Fairén et al., 2009). The presence of geomorphological features on the martian surface 

provides evidence of former large-scale fluvial systems and lacustrine environments. 

Mineralogical evidence, from clays to salts, is also evidence of long-lived subsurface 

interactions between rock and groundwater-type water (ranging from cold to warm 

temperatures). In addition, impacts could have extended the occurrence of fluids well into the 

Hesperian and provided hot circulating fluids (Marzo et al., 2010; Turner et al., 2016; Carrozzo 

et al., 2017). Some of the dissolved species in the fluids form veins and/or, on reaching the 

surface, form evaporites (4.1–3.0 Gya) (Ehlmann and Edwards, 2014; Filiberto and Schwenzer, 

2019). Evidence of these environments is found in the stratigraphy of lake beds, such as Gale 

Crater, an environment being investigated by NASA’s Mars Science Laboratory Curiosity 

rover.  

 

Mineralogy and geochemistry of the sediments suggest that Gale Crater was the former 

presence of a lake with episodic alternating of inflow and drying, as well as subsurface water-

rock activity from temperate fluids with circumneutral pH (Grotzinger et al., 2014; Bristow et 
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al., 2015; Rampe et al., 2017). In-situ analyses of the mineralogy and atmosphere of Mars has 

revealed the presence of all major bio-essential elements and multiple potential electron donors 

and acceptors necessary for oxidation-reduction (redox) reactions (Grotzinger et al., 2014; 

Vaniman et al., 2014). Since Gale Crater is a target for current in-situ analyses by NASA’s 

Mars Science Laboratory Curiosity rover, and future Mars missions are likely to target similar 

fluvial or lacustrine environments, characterizing microorganisms that can be supported by 

analogous environments on Earth is fundamentally important for investigating the habitability 

of these regions. 

 

Based on the predicted temperature, redox, and pH conditions of Noachian Mars, previous 

studies have suggested intertidal zones as an analogue environment for studying the putative 

habitability of ancient lacustrine environments (Curtis-Harper et al., 2018). However, whilst 

analogue environments provide valuable information about hypothesis development, the 

proxies provided by these terrestrial environments relative to the extra-terrestrial sites to which 

they are analogous possess multiple issues that limit their applicability (i.e., the impact of high 

oxygen concentrations on geochemical cycling and the absence of a parallel abiotic 

environment). Closer approximations of martian chemical environments can be developed 

through simulation experiments, which replicate specific chemistries, as the geology and 

chemistry of an environment has been shown to control the diversity of microbes (Görres et 

al., 2013; Schwenzer et al., 2016). Simulation of martian chemistries requires the use of 

appropriate mineralogies (Ramkissoon et al., 2018; Ramkissoon et al., 2019) and fluid 

chemistries (Ramkissoon et al., 2019; Ramkissoon et al., 2021). Previous simulation studies 

have used a range of fluids that were either thermochemically modeled or based on the 

composition of the microbial growth medium, in isolation or in combination with analogue 

regolith simulants to represent martian mineralogy (Schirmack et al., 2015; Fox-Powell et al., 
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2016; Olsson-Francis et al., 2017; Stevens et al., 2019b). These studies have produced mixed 

results, with some fluid chemistries considered inhibitory or uninhabitable to specific 

organisms and others showing that only specific organisms could survive (Kral, Bekkum and 

McKay, 2004; Schirmack, Alawi and Wagner, 2015; Fox-Powell et al., 2016; Schuerger and 

Nicholson, 2016; Stevens et al., 2019; Stevens et al., 2019). 

 

However, the majority of these experiments used a range of pure microbial cultures, for 

example, methanogens (Kral et al., 2004; Schirmack et al., 2015)). Performing simulation 

experiments with individual strains preclude microbes that would be viable within a 

community-dependent context (e.g., syntrophic or necrotrophic interactions that fulfil specific 

growth requirements (Seth and Taga, 2014; Cruz-López and Maske, 2016; Chatzigiannidou et 

al., 2018; Timmers et al., 2018)). A previous community-based simulation experiment 

approach that used multiple environmental inocula and fluid chemistries identified that only 

three of eight tested fluids were habitable, which is believed to be a consequence of the ionic 

strength of the fluids and the presence of specific multivalent ions (Fox-Powell et al., 2016). 

However, only the initial inoculated fluid was tested with the potential for the environmental 

material used to inoculate the culture (1 % v/v) having had a significant impact on the fluid 

chemistry (Fox-Powell et al., 2016). In contrast, when a community-based approach was 

performed using multiple subculturing steps to investigate the habitability of a former martian 

aqueous environment, a shift in diversity was observed at each subculture step, with a loss in 

viability observed after three subcultures (Stevens et al., 2019), which suggests that the 

persistence of microbes may have been due to nutrients from the inoculum material. These 

studies, therefore, reflect the importance of considering environmental nutrients when 

attempting to identify microbes capable of growth solely in simulated fluid chemistries. 
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Many regolith simulants used in these previous experiments represent a “global” Mars regolith 

and are based on the chemistry of sites within Gale Crater (Stevens et al., 2018; Cannon et al., 

2019). However, there is variation regarding the accuracy of the Fe2+/Fe3+ ratio (Ramkissoon 

et al., 2019a). The most chemically accurate of the developed simulants to date is OUCM-1 

(Open University-developed Contemporary Mars regolith 1) (Ramkissoon et al., 2018), which 

has a maximum of 3 % variation in elemental abundance compared to APXS data collected by 

Curiosity from Rocknest Sand shadow at Rocknest in Gale Crater (Blake et al., 2013; 

Ramkissoon et al., 2019a). OUCM-1 is, therefore, representative of a basaltic lithology, similar 

to other sites characterized across the planet by the Viking, Pathfinder, and MER missions 

(Clark et al., 1976; Wanke et al., 2001; Conrad, 2014; O’Connell-Cooper et al., 2017). The 

simulant comprises a combination of minerals, which produces the specific chemistry of 

Rocknest, as detailed by Ramkissoon et al., (2018). Using thermochemical models, the 

composition of the fluid chemistries produced from OUCM-1 simulant was used to determine 

the former martian aqueous environments that may have existed at Rocknest (Ramkissoon et 

al., 2019b, 2021).  

 

The application of Gibbs energy calculations has previously shown that the disequilibrium 

generated by the weathering of martian minerals can support microbial life (Jakosky and 

Shock 1998; Link et al. 2005). Specifically, Gibbs energy calculations suggest that numerous 

anaerobic metabolisms were feasible (including sulfate reduction, iron reduction, and nitrate-

dependant sulfide oxidation) based on the water chemistry from the Rocknest  site (Macey et 

al., 2020; Ramkissoon et al., 2021)(Gellert et al., 2006)). These results support other studies 

that have proposed the feasibility of a range of anaerobic metabolisms in former martian 

aqueous environments (Kral et al., 2004; Cousins et al., 2013; Nixon et al., 2013; Price et al., 

https://onlinelibrary.wiley.com/doi/10.1111/maps.13697#maps13697-bib-0036
https://onlinelibrary.wiley.com/doi/10.1111/maps.13697#maps13697-bib-0044
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2018). The identification of metabolisms that are theoretically viable in these proposed martian 

aqueous environments furthers the need for experimental testing of the environments.  

In the present study, experiments were performed with the intent to validate theoretical work 

by identifying which microbes, if any, were capable of persistent growth under chemical 

conditions that simulated, by way of the OUCM-1 regolith simulant and thermochemically 

modeled fluids, a former aqueous environment that may have existed in Gale Crater during 

the Noachian. This effort included the study of community dynamics and the relative viability 

of distinct metabolic groups. Microbial growth would impact the fluid and rock chemistries 

and lead to changes that could potentially be considered biosignatures 
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Methodology 1 

Developing the simulated martian groundwater chemistries 2 

Two fluid chemistries (termed converted and modeled) were developed based on the chemistry 3 

of the Rocknest shadow sand at Gale Crater (Ramkissoon et al., 2019), as shown in Tables 1 4 

and 2. The converted fluid and simulant were used in the initial stages of the enrichment (the 5 

first three stages) to act as an intermediate chemical state to allow the community to adapt to 6 

the comparatively nutrient limited modeled fluid and simulant. The chemistry of the converted 7 

fluid also served to remove organisms that could not grow in the presence of inhibitory 8 

concentrations of elements that might be encountered through the dissolution of silicate 9 

material. The converted fluid composition was derived from the dissolution of 100 g of OUCM-10 

1 (Ramkissoon et al., 2019) in 1 kg of water. The modeled fluids, which were chemically closer 11 

to proposed martian water chemistries, were prepared by thermochemically modeling the 12 

interaction between pure water and the OUCM-1 simulant using the program CHIM-XPT 13 

(Ramkissoon et al., 2021). The values used presumed a Water/Rock ratio of 1000, modeled at 14 

25 °C. The fluids were combined with OUCM-1 at varying Water/Rock ratios over the course 15 

of the enrichment series to provide the simulated martian groundwater chemistry, which would 16 

be expected to evolve over time due to interactions between fluid and the associated regolith 17 

(Reed, Spycher and Palandri, 2010; Ramkissoon et al., 2019).  18 

 19 

To prepare the fluids, the ions were paired to produce media with the correct elemental 20 

composition, as shown in Tables 1-2. The bioessential element hydrogen was supplied in the 21 

headspace and consistent for each enrichment stage. The concentration of sulfur (provided as 22 

sulfate and sulfide-containing compounds) and carbon was an order of magnitude higher in the 23 

converted fluids, and phosphorus was eight orders of magnitude higher relative to the modeled 24 

fluids, with CHIM-XPT allocating the phosphorus in the modeled fluids to mineral precipitates. 25 



8 
 

The converted and modeled fluids were prepared under anaerobic conditions by using an 26 

anaerobic chamber (Coy, United Kingdom) with a headspace of CO2/H2/N2 (90:5:5). Stock 27 

solutions of each component were prepared, autoclaved, and mixed to produce the fluid 28 

chemistries stated in Table 1.  29 

 30 

Collection of estuarine material and establishing of enrichment regime 31 

The microbial community from the Pyefleet mudflats, Colne Estuary, East Mersea (UK) (51° 32 

48′N, 0° 22′E) was used as an analogue (Mckew et al., 2013). Sediment cores were aseptically 33 

collected from the surface of the estuary sediment using 50 cm × 15 cm cores in May 2018. 34 

These cores were transported to the Open University and stored at 4 oC for two days before 35 

processing. 36 

 37 

Using an anaerobic chamber (Coy, United Kingdom), we diluded 80 g of anaerobic sediment 38 

(collected from the bottom of the core, representing anoxic sediment) 1: 3 in the converted 39 

fluid and homogenized by stirring. A total of 10 ml of the slurry was used to inoculate (a 1:4 40 

dilution) a 100 ml glass serum vial containing 35 ml of converted fluid and 5 g of OUCM-1 41 

simulant (Figure 1). Prior to inoculation, the simulant material and fluids were autoclaved and 42 

combined aseptically in a Microbiology Safety Cabinet.  43 

 44 

Cultures were incubated at 25 °C, within the range of previously published models that estimate 45 

the conditions of the Noachian as warm and wet (Tian et al., 2009; Carter et al., 2015; Ramirez 46 

and Craddock, 2018); however, this does introduce a limitation as it does not account for 47 

diurnal or seasonal variation. After 28 days, 100 µl of culture was aseptically removed and 48 

washed in fresh converted fluid. For this, cells were harvested (centrifugation at 4000 × g, for 49 

5 min), washed three times, and re-suspended in 100 µl of converted fluid. A total of 45 ml of 50 
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converted fluid containing 5 g of OUCM-1 simulant (stage 2) was inoculated with the washed 51 

cells (representing 0.2 % inoculum). For stage 3, this process was repeated with the same fluid. 52 

For stage 4, the converted fluid was replaced with the modeled fluid, which was more dilute 53 

(see Table 1). For the subsequent stages, the Water/Rock ratio was shifted from 9 to 1, with 54 

100 µl of the enrichment transferred to 10 ml of the modeled fluid and 10 g of OUCM-1 (stage 55 

5). This was repeated two additional times (stages 6-7). The shift in Water/Rock ratios was 56 

implemented to select a community capable of growth under limited nutrient availability. All 57 

stages of the enrichment were performed in triplicate. The headspace gas (H2/CO2 (80:20)) was 58 

supplied at 1 bar, and the vials were incubated at 25 °C. 59 

 60 

For each enrichment, the total cell numbers were measured after 28 days. The samples were 61 

stained with the LIVE/DEAD BacLight bacterial viability kit (Invitrogen) and analyzed with a 62 

Leica DMRB microscope equipped with epifluorescence (Leica Microsystem, Bensheim, 63 

Germany), as described above. All enumerations were conducted with 50 fields of view 64 

counted per sample (Curtis-Harper et al., 2018), and only the live cells were counted. Due to 65 

the high Water/Rock ratio in stages 5-7, continual cell counts were not feasible.  66 

 67 

Characterization of the microbial community  68 

DNA was extracted by using a modified Griffiths technique (Griffiths et al., 2000) from 5 ml 69 

of enrichment (n=3). The extraction was modified with three additional bead beating steps (six 70 

m/s for thirty secs) and the addition of co-precipitant pink in the precipitation step (Bioline, 71 

United Kingdom). Nuclease-free water was processed through the extraction as a negative 72 

extraction control. The V4-V5 region of the microbial 16S rRNA gene was amplified by 73 

Polymerase Chain Reaction using the universal 16S rRNA gene primers com1 and com2 74 

(CAGCAGCCGCGGTAATAC (Schwieger and Tebbe, 1998) and 75 
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CCGTCAATTCCTTTGAGTTT (Stach et al., 2001). The PCR reaction mixture contained (per 76 

25 µL) 1 × PCRBIO Ultra Polymerase red mix (PCR BIOSYSTEMS, United Kingdom), 0.4 77 

μM forward and reverse primers, and 5 ng of DNA. The PCR products were sequenced using 78 

the Illumina Miseq Platform by Molecular Research LP (Texas, USA) and processed using a 79 

customized pipeline (Dowd et al., 2008a, 2008b). All pair-end sequences were merged, 80 

chimeras removed, and sequences less than 150 bp and/or with ambiguous base calls were 81 

removed. The sequences were clustered to OTUs at 97% similarity, and phylogeny was 82 

assigned by using a curated database from GreenGenes, RDPII and NCBI (DeSantis et al., 83 

2006). Contaminant sequences identified in the negative controls were eliminated from the 84 

datasets (Adams et al., 2015). Principal component analysis was performed with the program 85 

ClustVis (Metsalu and Vilo, 2015). 86 

 87 

Chemical analysis of the simulated martian groundwater chemistries 88 

After 28 days of incubation, 5 ml of enrichment was aseptically removed from the serum vials 89 

and filtered (0.2 m) for chemical analyses. Individual elements in the fluids were measured 90 

by Inductively Couple Plasma Optical Emission Spectroscopy (ICP–OES) using an Agilent 91 

5110 model instrument at the Open University (UK) as previously described (Macey et al., 92 

2020). The elemental composition of the sediment used as inoculum was also analyzed by ICP-93 

OES after digestion in hydrofluoric acid for forty-eight hours.  94 

 95 

The ionic composition of fluids was measured by Ion Chromatography (IC) using a Dionex 96 

ICS3000 with a Dionex AS-DV autosampler. Ions were quantified relative to a dilution series 97 

of standards (1 – 1000 ppm). Samples were acidified by using nitric acid (1 % final volume) 98 

prior to analysis by IC. The pH of the fluids was measured with an Orion 3-Star Thermo 99 

Scientific benchtop pH meter with an uncertainty of 0.01 pH unit at room temperature. To 100 
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assess the possible impact of the enriched anaerobic microbial community on the fluid, the 101 

significance of changes in pH and fluid chemistry was tested by using a 2-tailed paired 102 

Student’s t-test. The impact of the simulant on the fluid chemistry is extrapolated from the 103 

analysis of the simulant and fluid combined and the differences to the input chemical 104 

composition of the fluid chemistry. 105 

 106 

Chemical analysis of the simulant material 107 

The simulant material (from the biotic and abiotic experiments) was removed from the final 108 

enrichment (stage 7) after 28 days, placed in a petri dish, and dried at room temperature in an 109 

anaerobic chamber (CO2/H2/N2 (90:5:5) headspace) for three days. The simulant material was 110 

analyzed by FTIR (Fourier-transform infrared spectroscopy) and NIR (Near-infrared 111 

spectroscopy). FTIR spectra were obtained by a Thermo Scientific Nicolet iS5 FTIR 112 

Spectrometer and an iD5 Single-Bounce Attenuated Total Reflectance (ATR) attachment 113 

equipped with a diamond crystal, housed in the Planetary Spectroscopy Laboratory at 114 

Birkbeck, University of London. Reflectance measurements, published as absorbance units, 115 

were obtained over a spectral range of 500 to 4000 cm−1 at a resolution of 4 cm−1. A diamond 116 

calibration standard was used, and atmospheric water (H2O) and carbon dioxide (CO2) 117 

subtractions were made. No further processing of data (e.g., smoothing or Fourier self-118 

deconvolution) was used to avoid introducing artefacts. Band positions were reported simply 119 

as the observed maxima rather than maxima obtained from second derivations or from curve 120 

fits. Six analyses were taken of each powdered sample, which was re-homogenized after each 121 

spectral acquisition to obtain an accurate spectral profile of the material and its associated 122 

organic functional groups. Three NIR reflectance analyses of each sample were performed 123 

using a RxSpec® 700Z Spectrometer housed at the University of Westminster, London UK. 124 

NIR reflectance spectra were obtained over a range of 0.35 to 2.5 μm.125 
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Results  126 

Characterization of the Microbial Community 127 

Abundance of cells across the enrichment 128 

The abundance of cells from the inoculation to the end of the first stage of the enrichment series 129 

increased (8.27 × 107 to 1.25 × 108 cells/ml). Yet, over the entire enrichment series, the number 130 

of cells decreased from 1.25 × 108 (stage 1) to 2.10 × 107 cells/ml (stage 7) (Figure 2), with a 131 

significant decrease following the transition of the enrichment series from the concentrated 132 

fluids to the modeled fluid at stage 4 (from 1.05 × 108 to 7.80 × 107 cells/ml) (P = 0.049). A 133 

significant reduction in cell numbers occurred again with the change in Water/Rock ratio from 134 

9 (45 ml / 5 g) to 1 (10 ml / 10 g) (cell numbers decreased from 7.80 × 107 (stage 4) to 3.60 × 135 

107 cells/ml (stage 5)) (P = 0.014). Cell abundance was more consistent within the 1:1 136 

Water/Rock ratio, decreasing at a lower and non-significant amount between subcultures 137 

(Supplementary Table 1).  138 

 139 

Diversity of the microbial community over the enrichment  140 

Microbial diversity was monitored throughout the experiment by using the 16S rRNA gene. 141 

Overall, diversity initially increased from T0 (inoculum) to the end of stage 3 but then steadily 142 

decreased in subsequent enrichment stages. This shift in diversity is supported by both PCA 143 

analysis and a range of ecological statistics, including the Shannon index, Simpson index, 144 

Berger-Parker index, and Margalef index (Supplementary Figures 1, 2 and Supplementary 145 

Table 2). The initial inoculum was dominated by Clostridiaceae (33 %), Desulfobacteraceae 146 

(12 %), and Desulfovibrionaceae (12 %). Multiple families known to be present in the nascent 147 

estuarine sediment were not detected in the enrichment from stage 1 onwards 148 

(Nitrosophaeraceae, Spirochaetaceae, Rhodobacteraceae and Halothiobacillaceae). Some 149 

bacterial families, such as Desulfobacteraceae, were relatively abundant in the initial sediment 150 
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community (12 %) but were only present at low relative abundance (< 1 %) during the 151 

enrichment series.  152 

 153 

The most abundant phyla throughout the enrichment series were Thermodesulfobacteriota and 154 

Bacilliota (Supplementary Figure 3). Their abundance varied between 17 – 80 % and 12 – 49 155 

% throughout the experiment (Supplementary Figure 3). The phylum Euryarchaeota was 156 

detected in the initial enrichments with the converted fluid chemistry and increased from 19 % 157 

to 39 %, from stages 1 to 3. On transition to the modeled fluid chemistry and reduced 158 

Water/Rock ratio (stage 4 and stage 5, respectively), members of the Euryarchaeota phylum 159 

were detected at less than 5 % relative abundance (Figure 3). The same pattern was observed 160 

at the family level, with some families enriched between stages 1 and 3 (Halobacteriaceae and 161 

Halanaerobiaceae) that then declined in relative abundance following the transition to the 162 

modeled fluids (stage 4). Following the transition to modeled fluids, Desulfovibrionaceae (10 163 

- 32 %), Desulfomicrobiaceae (10 - 60 %), Eubacteriaceae (5 - 50 %), and Clostridiaceae (2 - 164 

6 %) increased in relative abundance at stage 4. The enriched communities at stages 5, 6, and 165 

7 predominantly comprised of sulfate-reducing bacteria (Desulfovibrio, Desulfobulbus, 166 

Desulfomicrobium) (20 - 70 %) and acetogenic bacteria (Acetobacterium) (21 - 42 %). The 167 

endpoint community at stage 7 was specifically dominated by Eubacteriaceae (2 - 30 %), 168 

Clostridiaceae (1 - 25 %), and Desulfovibrionaceae (35 - 77 %), with variation in relative 169 

abundances of these three families between the replicates. In summary, the abundance and 170 

diversity of the microbes decreased over the course of the enrichment. The enriched community 171 

was increasingly dominated by sulfate-reducing and acetogenic bacteria after each subculture, 172 

and it remained at a stable taxa relative abundance following the transition to the 1:1 173 

Water/Rock ratio. 174 

 175 



14 
 

Geochemical characterization   176 

Changes in fluid chemistry  177 

ICP-OES analysis of the fluid (Table 3) was used to measure the shifts in chemistries over the 178 

course of the entire enrichment series (initial fluid chemistries are detailed in Tables 1-2). 179 

Ca decreased steadily from stages 1 to 3, which indicates that the estuarine-derived nutrients 180 

supplied by the inoculum had depleted. There were significant increases in the concentration 181 

of Mg (P = 0.010), Ca (P = 0.016), K (P = 0.012), and W (P = 0.020) following the transition 182 

from the converted to the modeled fluids (stage 4), increasing further with the transition to the 183 

1:1 Water/Rock ratio (stage 5). These increases in concentration after 28 days of incubation 184 

were not expected to accompany the shift in fluid chemistry since these elements were present 185 

at lower concentrations in the modeled fluid relative to the converted fluid. The specific 186 

changes in chemistry are, therefore, presumed to be related to the dissolution of silicate 187 

material.  188 

 189 

IC also identified significant differences in fluid chemistry between the biotic and abiotic test 190 

groups after 28 days (stage 7), with a higher concentration of K (58-73 ppm abiotic to 442 - 191 

486 ppm biotic) (P = 0.001) and a lower concentration of SO4
2- (1023-1100 ppm abiotic to 192 

140-187 biotic) (P = 0.014) in the biotic test group relative to the abiotic test group 193 

(Supplementary Table 3). The pH decreased significantly from the starting values for each 194 

enrichment stage; pH decreased from 8.1 to 6.6-6.9 for the converted fluids (P = 0.0410) and 195 

from 9.2 to 7.9-7.2 for the modeled fluids (P = 0.0145). In stage 7, the pH of the fluid chemistry 196 

also decreased significantly in the abiotic test group from the starting pH over 28 days (pH 8.5-197 

8.7) (P = 0.009).  198 

 199 
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Changes in simulant chemistry  200 

The simulant material from the final enrichment (stage 7) was analyzed using FTIR and NIR 201 

(Supplementary Figures 4 and 5). Exclusively in the biotic sample, minor peaks located at 202 

1360 cm-1, 1454 cm-1, and 1520 cm-1 were observed superimposed on top of the 1460 cm-1 C-203 

O carbonate band. These could be assigned to N-H bending or C-N stretching, symmetric 204 

bending of CH2 or asymmetric bending of CH3, and CH3 asymmetric bending vibrations, 205 

respectively. NIR detected a ferric absorption edge at 0.8 µm, which implies the presence of 206 

secondary nanophase oxides and/or crystalline ferric oxides. In the biotic spectra, a broad 207 

absorption centered at 6 µm is probably due to electronic iron transition. In summary, the IC, 208 

FTIR, and NIR analysis techniques of the fluids or simulant material revealed the presence of 209 

changes that were exclusive to the biotic test group.  210 
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Discussion 211 

The habitability of a simulated martian chemical environment was investigated by enriching 212 

for a microbial consortium capable of growth solely on the chemistry of simulant and 213 

associated fluids. This study characterized the community dynamics and relative viabilities of 214 

distinct taxonomic groups associated with specific metabolisms that were feasible within this 215 

simulated environment. The enrichment regime was performed by using two fluid chemistries, 216 

a converted fluid and a modelled fluid chemistry (Ramkissoon et al., 2021). By diluting the 217 

estuarine nutrients of the subcultures in the enrichment series, we attempted to ensure that the 218 

community’s nutritional requirements were met by either the chemical environment or other 219 

community members (e.g., exuded organic carbon (Christie-Oleza et al., 2017)). The two fluid 220 

chemistries used in this enrichment series were chosen to transition the community gradually 221 

from the nutrients supplied by the initial environmental material to the comparatively nutrient-222 

limited modeled fluid and simulant. Twenty eight days was selected as the incubation time 223 

between transfers to attempt to prevent cross feeding organisms dominating the enrichment 224 

that were not directly surviving on the supplied chemical environment (Wright et al., 2019). 225 

 226 

Shifts in microbial diversity over the enrichment series 227 

The final stage of the enrichment series was diverse and contained microbes capable of a range 228 

of different metabolisms. The community was dominated by sulfate reducing bacteria, 229 

acetogens, and other generalist, anaerobic, and fermentative bacteria. The dominant sulfate 230 

reducers varied over the course of the enrichment series, with Desulfovibrio, 231 

Desulfobulbaceae, and Desulfomicrobiaceae persisting in stages 6 and 7 of the modeled fluids 232 

and regolith simulant, and Desulfosporomusa and Desulfovibrio the most relatively abundant 233 

sulfate reducing bacteria in the converted fluids and regolith simulant (stages 1 to 3). Many 234 

species of sulfate reducing bacteria are metabolically diverse and capable of both autotrophic 235 
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and heterotrophic growth – this includes members of the genera Desulfovibrio, 236 

Desulfobacterium, Desulfosporomusa, and Desulfomicrobium (Sass et al., 2004; Plugge et al., 237 

2011; Sánchez-Andrea et al., 2020) (Supplementary Table 4). As a by-product of autotrophic 238 

growth, these genera members produce hydrogen sulfide, which can result in the formation of 239 

sulfide precipitates with metal ions in solution (Sheoran et al., 2010). Certain sulfate reducers 240 

are also capable of iron reduction (including Desulfovibrio (Lovley et al., 1993; Li et al., 2006) 241 

and Desulfosporomusa ( Sass et al., 2004)), which enhances the formation of siderite 242 

(FeCO3)(Coleman et al., 1993). Gibbs free energy calculations have shown that iron reduction 243 

and sulfate reduction are both thermodynamically viable in martian fluid chemistries modeled 244 

from the geology of Gale Crater (Macey et al., 2020). Given the presence of microbes capable 245 

of both metabolic processes, these results suggest the importance of considering phenotypic 246 

plasticity with regard to viability in simulation experiments, with microbes that are capable of 247 

multiple reduction-oxidation reactions able to exploit the available electron donors and 248 

acceptors (Comte et al., 2013; Abinandan et al., 2020; Kundu et al., 2020).  249 

  250 

Sulfate reducing bacteria can also excrete organic compounds when grown autotrophically 251 

(Londry and Des Marais, 2003). In addition to the low levels of organic carbon present within 252 

the regolith simulant (0.23 w.t. %) (Ramkissoon et al., 2019a) and supplied in the modeled 253 

fluid through the addition of ammonium acetate as one of the key components (0.01 mM), there 254 

is also the potential for the sulfate-reducing bacteria to provide additional organic carbon to the 255 

microbial community, supporting heterotrophic growth of other microbes (Frank et al., 2013). 256 

Heterotrophy is a valid metabolic strategy with regard to putative viability under martian 257 

chemical conditions, as organic carbon at Gale Crater has been predicted to be between 800 258 

and 2,400 ppm, and this has been argued to be sufficient to support a 259 

chemoorganoheterotrophic community of 105 cells/g of sediment (Sutter et al., 2016). 260 
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Furthermore, simulation experiments that test individual microbial strains (Bauermeister et al., 261 

2014; Billi et al., 2019; Serrano et al., 2019), precluding the viability of organisms with 262 

dependencies on synergetic co-feeding (Timmers et al., 2018; Park et al., 2019). Non-263 

autotrophic members of the community are important for considering the chemistry of the 264 

simulated environment, as the production of organic acids and excess protons during 265 

heterotrophic or fermentative growth will further lower the pH and affect the dissolution of the 266 

silicate material (Hiebert and Bennett, 1992; Bennett et al., 2001). During the experiment, the 267 

variations observed between the replicates and between the stages of the enrichment is 268 

potentially a result of the succession of cross-feeding bacteria, which results in the reduction 269 

in abundance of the other members of the community (Wright et al., 2019). Variation will also 270 

have been introduced as a result of heterogeneity in the inoculum and by stochastic differences 271 

between the populations (Antwis et al., 2017).  272 

 273 

The change in chemistry following the transition to the modeled fluids may explain the 274 

reduction in diversity between stages 1 and 7. The dilution of nutrients from the estuarine 275 

material may have impacted the diversity, with many metal ions being fundamental for 276 

microbial metabolism (Abbas and Edwards, 1990). Conversely, it is possible that the increase 277 

in concentration of specific elements resulted in toxicity (i.e., higher concentrations of copper 278 

and aluminium (Flemming and Trevors, 1989)). The enrichment regime will have played a role 279 

in the reduction of diversity, with the length of each stage selecting against slower growing 280 

organisms with thermodynamically viable metabolisms and, therefore, excluding them from 281 

the enriched community (Ramkissoon et al., 2019) (e.g., anaerobic ammonium oxidizing 282 

archaea (Lehtovirta-Morley, 2018)). Decrease in diversity and abundance through the 283 

transition may also be a result of the elimination of estuarine derived elements or enhanced 284 

competition for bioessential elements. Based on the continual reduction in taxonomic diversity 285 
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observed over the seven stages, coupled with the steady number of cells observed from stage 286 

5-7, it is possible that a reduction in diversity may have continued with subsequent 287 

subculturing, with taxa putatively identified as “cross feeding” potentially being eliminated. 288 

However, as the aim of the experiment was to establish whether microbes could survive under 289 

this defined chemical environment and identify which microbes, this question is answered by 290 

the enrichment performed at this stage, and stage seven is therefore considered as the endpoint 291 

of the experiment.  292 

 293 

Martian chemistry and the identification of biosignatures 294 

Changes to the simulant and fluid chemistry because of the enriched microbial community 295 

could have utility as chemical biosignatures. In the present study, we screened for changes in 296 

fluid chemistry and simulant material exclusive to the biotic test group, with these differences 297 

potentially resulting from the enriched microbial community. FTIR and NIR spectroscopy have 298 

previously been used in remote sensing payloads (Bibring et al., 2005), and the detection of 299 

microscopic biological structures (Preston et al., 2015 and references therein) confirmed the 300 

occurrence of changes in chemistry specific to the biotic test group. The higher concentration 301 

of K observed in the biotic test group could be due to enhanced dissolution of simulant material, 302 

whereas the significantly reduced concentration of sulfate (below the supplied chemistry of the 303 

fluid) could be due to the production of hydrogen sulfide. Hydrogen sulfide is an ambiguous 304 

biosignature, however, as there are biotic and abiotic production mechanisms (Brimblecombe, 305 

2003). Therefore, the shifts in chemistry detected when using the geochemical techniques 306 

(FTIR, NIR, ICP-OES, IC) are ambiguous biosignatures. However, they could potentially 307 

contribute toward a collective set of evidence to indicate the presence of a biogenic signal that 308 

could then be studied by further analysis to discount contamination and abiotic origins, in line 309 

with the progressive scale of evidence proposed by Green et al., 2021. This, and the persistent 310 
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lack of a single conclusive biosignature identified by other simulation studies (Stevens et al., 311 

2019b) is important as guidance for the current sampling activities by the Perseverance rover 312 

and for planning future life detection missions. 313 

  314 

Conclusion 315 

The simulated chemical conditions provided by the martian simulant OUCM-1 and the 316 

modeled fluid constitute a habitable chemical environment for multiple anaerobic organisms 317 

with distinct metabolic pathways. The continuous subculturing of an anaerobic community 318 

from a terrestrial environmental inoculum on the defined martian chemical environment 319 

resulted in the reduction in diversity, producing an endpoint community that comprised sulfate-320 

reducing bacteria, acetogenic bacteria, and other generalists, anaerobic bacteria capable of 321 

growth across multiple sub-culturing steps. The combination of FTIR, VIS-NIR, and IC 322 

allowed for identification of chemical changes that occurred exclusively in the biotic test group, 323 

and these could be considered potential biosignatures. However, the extent to which these 324 

changes in chemistry could be identified in-situ by future life detection missions is also unclear, 325 

given the consortium of equipment that would be required to identify a collective set of possible 326 

biosignatures.  327 

 328 

Contributions 329 

Conceptualization, MCM, NKR, SPS, VKP, SPS.; methodology and investigation, MCM, 330 

NKR, LP, MTR, BPS, EKS, SC; data curation, MCM, LP, NKR and SC.; writing—original 331 

draft preparation, all authors.; writing—review and editing, all authors.; All authors have read 332 

and agreed to the published version of the manuscript. 333 

 334 

Funding  335 



21 
 

We would like to acknowledge funding from the Science and Technology Facilities Council 336 

(Grant ST/P000657/1), the Leverhulme Trust Research Project Grants (RPG-2016-153 and 337 

RPG-2016-200), and Research England Expanding Excellence in England (E3) fund (grant 338 

code 124.18). 339 

Acknowledgements  340 

We would like to thank Professor Terry McGenity from the University of Essex for advice on 341 

the sampling of the Pyefleet mudlfats.  342 

 343 

Author Disclosure Statement 344 

No competing financial interests exist. 345 

 346 

Data Availability 347 

Amplicon sequence data generated in this study were deposited to sequence read archives 348 

(SRA). 349 

Bibliography 350 

Abbas, A. S., and Edwards, C. (1990). Effects of Metals on Streptomyces coelicolor Growth 351 

and Actinorhodin Production. Appl. Environ. Microbiol. 56, 675–680. 352 

Abinandan, S., Perera, I. A., Subashchandrabose, S. R., Venkateswarlu, K., Cole, N., and 353 

Megharaj, M. (2020). Acid-adapted microalgae exhibit phenotypic changes for their 354 

survival in acid mine drainage samples. FEMS Microbiol. Ecol. 96, 1–12. 355 

doi:10.1093/femsec/fiaa113. 356 

Adams, R. I., Bateman, A. C., Bik, H. M., and Meadow, J. F. (2015). Microbiota of the 357 

indoor environment: a meta-analysis. Microbiome 3, 49. doi:10.1186/s40168-015-0108-358 

3. 359 

Antwis, R. E., Griffiths, S. M., Harrison, X. A., Aranega-Bou, P., Arce, A., Bettridge, A. S., 360 



22 
 

et al. (2017). Fifty important research questions in microbial ecology. FEMS Microbiol. 361 

Ecol. 93. doi:10.1093/femsec/fix044. 362 

Bauermeister, A., Rettberg, P., and Flemming, H. C. (2014). Growth of the acidophilic iron-363 

sulfur bacterium Acidithiobacillus ferrooxidans under Mars-like geochemical 364 

conditions. Planet. Space Sci. 98, 205–215. doi:10.1016/j.pss.2013.09.009. 365 

Bennett, P. C., Rogers, J. R., Choi, W. J., and Hiebert, F. K. (2001). Silicates, silicate 366 

weathering, and microbial ecology. Geomicrobiol. J. 18, 3–19. 367 

doi:10.1080/01490450151079734. 368 

Bibring, J. P., Langevin, Y., Gendrin, A., Gondet, B., Poulet, F., Berthé, M., et al. (2005). 369 

Mars surface diversity as revealed by the OMEGA/Mars express observations. Science 370 

(80-. ). 307, 1576–1581. doi:10.1126/science.1108806. 371 

Billi, D., Verseux, C., Fagliarone, C., Napoli, A., Baqué, M., and De Vera, J. P. (2019). A 372 

Desert Cyanobacterium under Simulated Mars-like Conditions in Low Earth Orbit: 373 

Implications for the Habitability of Mars. Astrobiology 19, 158–169. 374 

doi:10.1089/ast.2017.1807. 375 

Blake, D. F., Morris, R. V., Kocurek, G., Morrison, S. M., Downs, R. T., Bish, D., et al. 376 

(2013). Curiosity at Gale Crater, Mars: Characterization and analysis of the rocknest 377 

sand shadow. Science (80-. ). 341. doi:10.1126/science.1239505. 378 

Briggs, D. E. G., and Summons, R. E. (2014). Ancient biomolecules: Their origins, 379 

fossilization, and role in revealing the history of life. BioEssays 36, 482–490. 380 

doi:10.1002/bies.201400010. 381 

Brimblecombe, P. (2003). “The Global Sulfur Cycle,” in Treatise on Geochemistry, 645–682. 382 

Available at: http://www.sciencedirect.com/science/article/pii/B0080437516081342. 383 

Bristow, T. F., Bish, D. L., Vaniman, D. T., Morris, R. V., Blake, D. F., Grotzinger, J. P., et 384 

al. (2015). The origin and implications of clay minerals from Yellowknife Bay, Gale 385 



23 
 

crater, Mars. Am. Mineral. 100, 824–836. doi:10.2138/am-2015-5077CCBYNCND. 386 

Cannon, K. M., Britt, D. T., Smith, T. M., Fritsche, R. F., and Batcheldor, D. (2019). Mars 387 

global simulant MGS-1: A Rocknest-based open standard for basaltic martian regolith 388 

simulants. Icarus 317, 470–478. doi:10.1016/j.icarus.2018.08.019. 389 

Carrozzo, F. G., Di Achille, G., Salese, F., Altieri, F., and Bellucci, G. (2017). Geology and 390 

mineralogy of the Auki Crater, Tyrrhena Terra, Mars: A possible post impact-induced 391 

hydrothermal system. Icarus 281, 228–239. doi:10.1016/j.icarus.2016.09.001. 392 

Carter, J., Loizeau, D., Mangold, N., Poulet, F., and Bibring, J. P. (2015). Widespread surface 393 

weathering on early Mars: A case for a warmer and wetter climate. Icarus 248, 373–382. 394 

doi:10.1016/j.icarus.2014.11.011. 395 

Chatzigiannidou, I., Props, R., and Boon, N. (2018). Drinking water bacterial communities 396 

exhibit specific and selective necrotrophic growth. npj Clean Water 1, 22. 397 

doi:10.1038/s41545-018-0023-9. 398 

Christie-Oleza, J. A., Sousoni, D., Lloyd, M., Armengaud, J., and Scanlan, D. J. (2017). 399 

Nutrient recycling facilitates long-term stability of marine microbial phototroph-400 

heterotroph interactions. Nat. Microbiol. 2. doi:10.1038/nmicrobiol.2017.100. 401 

Clark, B. C., Baird, A. K., Rose, H. J., Iii, P. T., Castro, A. J., Kelliher, W. C., et al. (1976). 402 

Inorganic analyses of martian surface samples at the Viking landing sites. Science (80-. 403 

). 194, 1283–1288. 404 

Cockell, C. S., Bush, T., Bryce, C., Direito, S., Fox-Powell, M., Harrison, J. P., et al. (2016). 405 

Habitability: A Review. Astrobiology 16, 89–117. doi:10.1089/ast.2015.1295. 406 

Coleman, M. L., Hedrickt, D. B., Lovley, D. R., Whitetll, D. C., and Pye, K. (1993). 407 

Reduction of Fe(III) in sediments by sulphate-reducing bacteria. Nature 361, 436–438. 408 

Comte, J., Fauteux, L., and Del Giorgio, P. A. (2013). Links between metabolic plasticity and 409 

functional redundancy in freshwater bacterioplankton communities. Front. Microbiol. 4. 410 



24 
 

doi:10.3389/fmicb.2013.00112. 411 

Conrad, P. G. (2014). Scratching the surface of martian habitability. Science (80-. ). 346, 412 

1288–1289. doi:10.1126/science.1259943. 413 

Cousins, C. R., Crawford, I. A., Carrivick, J. L., Gunn, M., Harris, J., Kee, T. P., et al. (2013). 414 

Glaciovolcanic hydrothermal environments in Iceland and implications for their 415 

detection on Mars. J. Volcanol. Geotherm. Res. 256, 61–77. 416 

doi:10.1016/j.jvolgeores.2013.02.009. 417 

Cruz-López, R., and Maske, H. (2016). The vitamin B1 and B12 required by the marine 418 

dinoflagellate Lingulodinium polyedrum can be provided by its associated bacterial 419 

community in culture. Front. Microbiol. 7, 1–13. doi:10.3389/fmicb.2016.00560. 420 

Curtis-Harper, E., Pearson, V., Summers, S., Bridges, J., Schwenzer, S., and Olsson-Francis, 421 

K. (2018). The Microbial Community of a Terrestrial Anoxic Inter-Tidal Zone: A Model 422 

for Laboratory-Based Studies of Potentially Habitable Ancient Lacustrine Systems on 423 

Mars. Microorganisms 6, 1–19. doi:10.3390/microorganisms6030061. 424 

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). 425 

Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible 426 

with ARB. Appl. Environ. Microbiol. 72, 5069–5072. doi:10.1128/AEM.03006-05. 427 

Dowd, S. E., Callaway, T. R., Wolcott, R. D., Sun, Y., McKeehan, T., Hagevoort, R. G., et al. 428 

(2008a). Evaluation of the bacterial diversity in the feces of cattle using 16S rDNA 429 

bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP). BMC Microbiol. 8, 1–430 

8. doi:10.1186/1471-2180-8-125. 431 

Dowd, S. E., Sun, Y., Wolcott, R. D., Domingo, A., and Carroll, J. A. (2008b). Bacterial tag-432 

encoded FLX amplicon pyrosequencing (bTEFAP) for microbiome studies: bacterial 433 

diversity in the Ileum of Newly Weaned Salmonella-Infected Pigs. Foodborne Pathog. 434 

Dis. 5. 435 



25 
 

Ehlmann, B. L., and Edwards, C. S. (2014). Mineralogy of the Martian surface. Annu. Rev. 436 

Earth Planet. Sci. 42, 291–315. doi:10.1146/annurev-earth-060313-055024. 437 

El Houari, A., Ranchou-Peyruse, M., Ranchou-Peyruse, A., Dakdaki, A., Guignard, M., 438 

Idouhammou, L., et al. (2017). Desulfobulbus oligotrophicus sp. Nov., a sulfate-439 

reducing and propionate-oxidizing bacterium isolated from a municipal anaerobic 440 

sewage sludge digester. Int. J. Syst. Evol. Microbiol. 67, 275–281. 441 

doi:10.1099/ijsem.0.001615. 442 

Fairén, A. G., Davila, A. F., Gago-Duport, L., Amils, R., and McKay, C. P. (2009). Stability 443 

against freezing of aqueous solutions on early Mars. Nature 459, 401–404. 444 

doi:10.1038/nature07978. 445 

Filiberto, J., and Schwenzer, S. P. (2019). Volatiles in the Martian Crust. Available at: 446 

http://repositorio.unan.edu.ni/2986/1/5624.pdf. 447 

Flemming, C. A., and Trevors, J. T. (1989). Copper toxicity and chemistry in the 448 

environment: a review. Water. Air. Soil Pollut. 44, 143–158. doi:10.1007/BF00228784. 449 

Fox-Powell, M. G., Hallsworth, J. E., Cousins, C. R., and Cockell, C. S. (2016). Ionic 450 

Strength Is a Barrier to the Habitability of Mars. Astrobiology 16, 427–442. 451 

doi:10.1089/ast.2015.1432. 452 

Frank, K. L., Rogers, D. R., Olins, H. C., Vidoudez, C., and Girguis, P. R. (2013). 453 

Characterizing the distribution and rates of microbial sulfate reduction at Middle Valley 454 

hydrothermal vents. ISME J. 7, 1391–1401. doi:10.1038/ismej.2013.17. 455 

Görres, C. M., Conrad, R., and Petersen, S. O. (2013). Effect of soil properties and hydrology 456 

on Archaeal community composition in three temperate grasslands on peat. FEMS 457 

Microbiol. Ecol. 85, 227–240. doi:10.1111/1574-6941.12115. 458 

Green, J., Hoehler, T., Neveu, M., Domagal-Goldman, S., Scalice, D., and Voytek, M. 459 

(2021). Call for a framework for reporting evidence for life beyond Earth. Nature 598, 460 



26 
 

575–579. doi:10.1038/s41586-021-03804-9. 461 

Griffiths, R. I., Whiteley, A. S., Donnell, A. G. O., and Bailey, M. J. (2000). Rapid Method 462 

for Coextraction of DNA and RNA from Natural Environments for Analysis of 463 

Ribosomal DNA- and rRNA-Based Microbial Community Composition. Appl. Environ. 464 

Microbiol. 66, 5488–5491. 465 

Groher, A., and Weuster-Botz, D. (2016). General medium for the autotrophic cultivation of 466 

acetogens. Bioprocess Biosyst. Eng. 39, 1645–1650. doi:10.1007/s00449-016-1634-5. 467 

Grotzinger, J. P., Sumner, D. Y., Kah, L. C., Stack, K., Gupta, S., Edgar, L., et al. (2014). A 468 

Habitable Fluvio-Lacustrine Environment at Yellowknife Bay, Gale Crater, Mars. 469 

Science (80-. ). 343, 1242777. doi:10.1126/science.1242777. 470 

Hiebert, F. K., and Bennett, P. C. (1992). Microbial Control of Silicate Weathering in 471 

Organic-Rich Ground Water. Science (80-. ). 258, 278–281. 472 

Kaur, S., Yawar, M., Kumar, P. A., and Suresh, K. (2014). Hungatella effluvii gen. nov., sp. 473 

nov., an obligately anaerobic bacterium isolated from an effluent treatment plant, and 474 

reclassification of Clostridium hathewayi as Hungatella hathewayi gen. nov., comb. nov. 475 

Int. J. Syst. Evol. Microbiol. 64, 710–718. doi:10.1099/ijs.0.056986-0. 476 

Keis, S., Shaheen, R., and Jones, D. T. (2001). Emended descriptions of Clostridium 477 

acetobutylicum and Clostridium beijerinckii, and descriptions of Clostridium 478 

saccharoperbutylacetonicum sp. nov. and Clostridium saccharobutylicum sp. nov. Int. J. 479 

Syst. Evol. Microbiol. 51, 2095–2103. doi:10.1099/00207713-51-6-2095. 480 

Kral, T. A., Bekkum, C. R., and McKay, C. P. (2004). Growth of methanogens on a mars soil 481 

simulant. Orig. Life Evol. Biosph. 34, 615–626. 482 

doi:10.1023/B:ORIG.0000043129.68196.5f. 483 

Kundu, K., Weber, N., Griebler, C., and Elsner, M. (2020). Phenotypic heterogeneity as key 484 

factor for growth and survival under oligotrophic conditions. Environ. Microbiol. 22, 485 



27 
 

3339–3356. doi:10.1111/1462-2920.15106. 486 

Lehtovirta-Morley, L. E. (2018). Ammonia oxidation: Ecology, physiology, biochemistry and 487 

why they must all come together. FEMS Microbiol. Lett. 365, 1–9. 488 

doi:10.1093/femsle/fny058. 489 

Li, Y. L., Vali, H., Yang, J., Phelps, T. J., and Zhang, C. L. (2006). Reduction of iron oxides 490 

enhanced by a sulfate-reducing bacterium and biogenic H2S. Geomicrobiol. J. 23, 103–491 

117. doi:10.1080/01490450500533965. 492 

Liu, C., Finegold, S. M., Song, Y., and Lawson, P. A. (2008). Reclassification of Clostridium 493 

coccoides, Ruminococcus hansenii, Ruminococcus hydrogenotrophicus, Ruminococcus 494 

luti, Ruminococcus productus and Ruminococcus schinkii as Blautia coccoides gen. 495 

nov., comb. nov., Blautia hansenii comb. nov., Blautia hydroge. Int. J. Syst. Evol. 496 

Microbiol. 58, 1896–1902. doi:10.1099/ijs.0.65208-0. 497 

Londry, K. L., and Des Marais, D. J. (2003). Stable carbon isotope fractionation by sulfate-498 

reducing bacteria. Appl. Environ. Microbiol. 69, 2942–2949. 499 

doi:10.1128/AEM.69.5.2942-2949.2003. 500 

Lovley, D. R., Roden, E. E., Phillips, E. J. P., and Woodward, J. C. (1993). Enzymatic iron 501 

and uranium reduction by sulfate-reducing bacteria. Mar. Geol. 113, 41–53. 502 

doi:10.1016/0025-3227(93)90148-O. 503 

Macey, M. C., Fox-Powell, M., Ramkissoon, N. K., Stephens, B. P., Barton, T., Schwenzer, 504 

S. P., et al. (2020). The identification of sulfide oxidation as a potential metabolism 505 

driving primary production on late Noachian Mars. Sci. Rep. 10, 10941. 506 

doi:10.1038/s41598-020-67815-8. 507 

Martín-Torres, F. J., Zorzano, M. P., Valentín-Serrano, P., Harri, A. M., Genzer, M., 508 

Kemppinen, O., et al. (2015). Transient liquid water and water activity at Gale crater on 509 

Mars. Nat. Geosci. 8, 357–361. doi:10.1038/ngeo2412. 510 



28 
 

Marzo, G. A., Davila, A. F., Tornabene, L. L., Dohm, J. M., Fairén, A. G., Gross, C., et al. 511 

(2010). Evidence for Hesperian impact-induced hydrothermalism on Mars. Icarus 208, 512 

667–683. doi:10.1016/j.icarus.2010.03.013. 513 

Mckew, B. A., Dumbrell, A. J., Taylor, J. D., Mcgenity, T. J., and Underwood, G. J. C. 514 

(2013). Differences between aerobic and anaerobic degradation of microphytobenthic 515 

biofilm-derived organic matter within intertidal sediments. FEMS Microbiol. Ecol. 84, 516 

495–509. doi:10.1111/1574-6941.12077. 517 

Mechichi, T., Stackebrandt, E., Gad’on, N., and Fuchs, G. (2002). Phylogenetic and 518 

metabolic diversity of bacteria degrading aromatic compounds under denitrifying 519 

conditions, and description of Thauera phenylacetica sp. nov., Thauera aminoaromatica 520 

sp. nov., and Azoarcus buckelii sp. nov. Arch. Microbiol. 178, 26–35. 521 

doi:10.1007/s00203-002-0422-6. 522 

Metsalu, T., and Vilo, J. (2015). ClustVis: A web tool for visualizing clustering of 523 

multivariate data using Principal Component Analysis and heatmap. Nucleic Acids Res. 524 

43, W566–W570. doi:10.1093/nar/gkv468. 525 

Nixon, S. L., Cousins, C. R., and Cockell, C. S. (2013). Plausible microbial metabolisms on 526 

Mars. Astron. Geophys. 54, 13–16. doi:10.1093/astrogeo/ats034. 527 

O’Connell-Cooper, C. D., Spray, J. G., Thompson, L. M., Gellert, R., Berger, J. A., Boyd, N. 528 

I., et al. (2017). APXS-derived chemistry of the Bagnold dune sands: Comparisons with 529 

Gale Crater soils and the global Martian average. J. Geophys. Res. Planets 122, 2623–530 

2643. doi:10.1002/2017JE005268. 531 

Olsson-Francis, K., Pearson, V. K., Steer, E. D., and Schwenzer, S. P. (2017). Determination 532 

of geochemical bio-signatures in Mars-like basaltic environments. Front. Microbiol. 8. 533 

doi:10.3389/fmicb.2017.01668. 534 

Park, J. O., Liu, N., Holinski, K. M., Emerson, D. F., Qiao, K., Woolston, B. M., et al. 535 



29 
 

(2019). Synergistic substrate cofeeding stimulates reductive metabolism. Nat. Metab. 1, 536 

643–651. doi:10.1038/s42255-019-0077-0. 537 

Plugge, C. M., Zhang, W., Scholten, J. C. M., and Stams, A. J. M. (2011). Metabolic 538 

flexibility of sulfate-reducing bacteria. Front. Microbiol. 2, 1–8. 539 

doi:10.3389/fmicb.2011.00081. 540 

Postgate, J. R., and Campbell, L. L. (1966). Classification of Desulfovibrio species, the 541 

nonsporulating sulfate-reducing bacteria. Bacteriol. Rev. 30, 732–738. 542 

Price, A., Pearson, V. K., Schwenzer, S. P., Miot, J., and Olsson-Francis, K. (2018). Nitrate-543 

dependent iron oxidation: A potential Mars metabolism. Front. Microbiol. 9, 1–15. 544 

doi:10.3389/fmicb.2018.00513. 545 

Ramirez, R. M., and Craddock, R. A. (2018). The geological and climatological case for a 546 

warmer and wetter early Mars. Nat. Geosci. 11, 230–237. doi:10.1038/s41561-018-547 

0093-9. 548 

Ramkissoon, N. K., Pearson, V. K., Schwenzer, S. P., Schr, C., Kirnbauer, T., Wood, D., et 549 

al. (2019a). New simulants for martian regolith: Controlling iron variability. Planet. 550 

Space Sci., 1–18. doi:10.1016/j.pss.2019.104722. 551 

Ramkissoon, N. K., Schwenzer, S. P., Pearson, V. K., and Olsson-Francis, K. (2018). 552 

Simulating the martian chemical environment. in 49th Lunar and Planetary Science 553 

Conference, 1–15. 554 

Ramkissoon, N. K., Schwenzer, S. P., Pearson, V. K., and Olsson-Francis, K. (2019b). 555 

Modelling Secondary Mineral Formation Within a Martian Impact-Generated 556 

Hydrothermal System. in Lunar and Planetary Science Conference, 1380. 557 

Ramkissoon, N. K., Turner, S. M. R., Macey, M. C., Schwenzer, S. P., Reed, M. H., Pearson, 558 

V. K., et al. (2021). Exploring the environments of martian impact-generated 559 

hydrothermal systems and their potential to support life. Meteorit. Planet. Sci., 1–19. 560 



30 
 

Rampe, E. B., Ming, D. W., Blake, D. F., Bristow, T. F., Chipera, S. J., Grotzinger, J. P., et 561 

al. (2017). Mineralogy of an ancient lacustrine mudstone succession from the Murray 562 

formation, Gale crater, Mars. Earth Planet. Sci. Lett. 471, 172–185. 563 

doi:10.1016/j.epsl.2017.04.021. 564 

Reed, M. H., Spycher, N. F., and Palandri, J. (2010). Users Guide for CHIM-XPT: A 565 

Program for Computing Reaction Processes in Aqueous-Mineral-Gas Systems and 566 

MINTAB Guide. J. Chem. Inf. Model. 53, 1689–1699. 567 

doi:10.1017/CBO9781107415324.004. 568 

Sánchez-Andrea, I., Guedes, I. A., Hornung, B., Boeren, S., Lawson, C. E., Sousa, D. Z., et 569 

al. (2020). The reductive glycine pathway allows autotrophic growth of Desulfovibrio 570 

desulfuricans. Nat. Commun. 11, 1–12. doi:10.1038/s41467-020-18906-7. 571 

Sass, H., Overmann, J., Rütters, H., Babenzien, H. D., and Cypionka, H. (2004). 572 

Desulfosporomusa polytropa gen. nov., sp. nov., a novel sulfate-reducing bacterium 573 

from sediments of an oligotrophic lake. Arch. Microbiol. 182, 204–211. 574 

doi:10.1007/s00203-004-0703-3. 575 

Schirmack, J., Alawi, M., and Wagner, D. (2015). Influence of Martian regolith analogs on 576 

the activity and growth of methanogenic archaea, with special regard to long-term 577 

desiccation. Front. Microbiol. 6, 1–12. doi:10.3389/fmicb.2015.00210. 578 

Schuerger, A. C., and Nicholson, W. L. (2016). Twenty species of hypobarophilic bacteria 579 

recovered from diverse soils exhibit growth under simulated martian conditions at 0.7 580 

kPa. Astrobiology 16, 964–976. doi:10.1089/ast.2016.1587. 581 

Schwenzer, S. P., Bridges, J. C., Wiens, R. C., Conrad, P. G., Kelley, S. P., Leveille, R., et al. 582 

(2016). Fluids during diagenesis and sulfate vein formation in sediments at Gale crater, 583 

Mars. Meteorit. Planet. Sci. 51, 2175–2202. doi:10.1111/maps.12668. 584 

Schwieger, F., and Tebbe, C. C. (1998). A new approach to utilize PCR-single-strand-585 



31 
 

conformation polymorphism for 16S rRNA gene-based microbial community analysis. 586 

Appl. Environ. Microbiol. 64, 4870–4876. 587 

Serrano, P., Alawi, M., De Vera, J. P., and Wagner, D. (2019). Response of Methanogenic 588 

Archaea from Siberian Permafrost and Non-permafrost Environments to Simulated 589 

Mars-like Desiccation and the Presence of Perchlorate. Astrobiology 19, 197–208. 590 

doi:10.1089/ast.2018.1877. 591 

Seth, E. C., and Taga, M. E. (2014). Nutrient cross-feeding in the microbial world. Front. 592 

Microbiol. 5, 1–6. doi:10.3389/fmicb.2014.00350. 593 

Sheoran, A. S., Sheoran, V., and Choudhary, R. P. (2010). Bioremediation of acid-rock 594 

drainage by sulphate-reducing prokaryotes: A review. Miner. Eng. 23, 1073–1100. 595 

doi:10.1016/j.mineng.2010.07.001. 596 

Simankova, M. V., and Kotsyurbenko, O. R. (2015). Acetobacterium . Bergey’s Man. Syst. 597 

Archaea Bact., 1–11. doi:10.1002/9781118960608.gbm00626. 598 

Stanley, W., and Southam, G. (2018). Bacteria on Iron Sulfide Mineral Precipitation 1. 637, 599 

629–637. 600 

Stevens, A. H., Childers, D., Fox-Powell, M., Nicholson, N., Jhoti, E., and Cockell, C. S. 601 

(2019a). Growth, Viability, and Death of Planktonic and Biofilm Sphingomonas 602 

desiccabilis in Simulated Martian Brines. Astrobiology 19, 87–98. 603 

doi:10.1089/ast.2018.1840. 604 

Stevens, A. H., McDonald, A., de Koning, C., Riedo, A., Preston, L. J., Ehrenfreund, P., et al. 605 

(2019b). Detectability of biosignatures in a low-biomass simulation of martian 606 

sediments. Sci. Rep. 9, 1–12. doi:10.1038/s41598-019-46239-z. 607 

Stevens, A. H., Steer, E., McDonald, A., Amador, E. S., and Cockell, C. S. (2018). Y-Mars: 608 

An Astrobiological Analogue of Martian Mudstone. Earth Sp. Sci. 5, 163–174. 609 

doi:10.1002/2017EA000318. 610 



32 
 

Sutter, B., Eigenbrode, J. L., Steele, A., McAdam, A., Ming, D. W., Archer, D. J., et al. 611 

(2016). The sample analysis at Mars (SAM) detections of CO2 and CO insedimentary 612 

material from Gale crater, Mars: implications for the presence of organic carbon and 613 

microbial habitability on Mars. in Proceedings of the AGU Fall Meeting. 614 

Suzuki, D., Ueki, A., Amaishi, A., and Ueki, K. (2007). Desulfobulbus japonicus sp. nov., a 615 

novel Gram-negative propionate-oxidizing, sulfate-reducing bacterium isolated from an 616 

estuarine sediment in Japan. Int. J. Syst. Evol. Microbiol. 57, 849–855. 617 

doi:10.1099/ijs.0.64855-0. 618 

Tan, J., Lewis, J. M. T., and Sephton, M. A. (2018). The fate of lipid biosignatures in a Mars-619 

analogue sulfur stream. Sci. Rep. 8, 1–8. doi:10.1038/s41598-018-25752-7. 620 

Tian, F., Kasting, J. F., and Solomon, S. C. (2009). Thermal escape of carbon from the early 621 

Martian atmosphere. Geophys. Res. Lett. 36, 1–5. doi:10.1029/2008GL036513. 622 

Timmers, P. H. A., Vavourakis, C. D., Kleerebezem, R., Damsté, J. S. S., Muyzer, G., Stams, 623 

A. J. M., et al. (2018). Metabolism and occurrence of methanogenic and sulfate-reducing 624 

syntrophic acetate oxidizing communities in haloalkaline environments. Front. 625 

Microbiol. 9, 1–18. doi:10.3389/fmicb.2018.03039. 626 

Turner, S. M. R., Bridges, J. C., Grebby, S., and Ehlmann, B. L. (2016). Journal of 627 

Geophysical Research : Planets impact craters on Mars. 1–18. 628 

doi:10.1002/2015JE004989.Received. 629 

Vaniman, D. T., Bish, D. L., Ming, D. W., Bristow, T. F., Morris, R. V, Blake, D. F., et al. 630 

(2014). Mineralogy of a Mudstone at Yellowknife Bay, Gale Crater, Mars. Science (80-. 631 

). 343, 1–8. doi:10.1126/science.1243480. 632 

Wang, Q., and He, J. (2020). Complete nitrogen removal via simultaneous nitrification and 633 

denitrification by a novel phosphate accumulating Thauera sp. strain SND5. Water Res. 634 

185, 116300. doi:10.1016/j.watres.2020.116300. 635 



33 
 

Wanke, H., Bruckner, J., Dreibus, G., Rieder, R., and Ryabchikov, I. (2001). Chemical 636 

composition of rocks and soils at the pathfinder site. Space Sci. Rev. 96, 317–330. 637 

Wright, R. J., Gibson, M. I., and Christie-Oleza, J. A. (2019). Understanding microbial 638 

community dynamics to improve optimal microbiome selection. Microbiome 7, 1–14. 639 

doi:10.1186/s40168-019-0702-x. 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 



34 
 

Table 1. Molar concentration of compounds in the thermochemically modelled and simulant 

derived (converted) martian fluid chemistries 

 Molar concentration (M) 

 Modelled fluid Converted fluid 

NaHSiO3 9.87E-04 0 

C2H7NO2 1.11E-05 0 

NaHS 5.92E-06 8.65E-05 

NaCl 1.18E-03 0 

AlKSO4 8.92E-11 0 

MgSO4.7H2O 2.48E-09 0 

FeSO4.7H2O 2.59E-09 0 

K2HPO4 3.68E-13 3.97E-05 

MnSO4.H2O 7.40E-08 1.90E-05 

KOH 2.30E-04 1.74E-04 

CaCl2 7.23E-04 0 

CaSO4 8.50E-05 0 

Ca(OH)2 1.61E-04 1.38E-03 

(NH4)2SO4 0 5.00E-04 

Fe(III)SO4  0 1.10E-04 

MnCl2 0 2.94E-05 

NaOH 0 3.69E-04 

FeO 0 2.62E-03 

3Al2O3.2SiO2 0 9.89E-04 

3MgO.4SiO2 0 1.52E-03 

SiO2 0 4.67E-03 

TiOH 0 9.23E-05 
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 651 

Table 2. Molar concentration of ions in the thermochemically modelled and simulant 

derived (converted) martian fluid chemistries  

 Molar concentration (M) 

 

Modelled (Ramkissoon et al., 

2018) Converted 

Cl- 1.91E-03 2.94E-05 

SO4
2- 8.51E-05 4.08E-04 

HS- 5.92E-06 5.80E-05 

SiO2 9.87E-04 7.35E-03 

Al3+ 8.92E-11 9.89E-04 

Ca2+ 6.08E-04 1.38E-03 

Mg2+ 2.48E-09 1.52E-03 

Fe2+ 2.59E-09 2.62E-03 

K+ 2.30E-04 2.53E-04 

Na+ 2.16E-03 5.42E-04 

Mn2+ 7.40E-08 3.38E-05 

HPO4
2- 3.68E-13 3.97E-05 

Ti(OH)4 1.89E-04 0 

NH4 1.11E-05 5.00E-04 

Fe3+ 0 1.10E-04 
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Table 3. Concentration of elements in the inoculum material and the fluid chemistries in combination with OUCM-1 simulant and inoculum in the biotic test group at the 

end of each stage. Concentrations are in M.  

Stage  Chemistry 

Liquid(ml) 

:simulant(g) pH Al Ba  Ca Cu Fe K Mg Mn Mo Na S Si Sn Sr  W 

0 Slurry 5 g slurry 7.2 1.24E-05 9.77E-06 5.73E-03 

2.04E-

06 

3.84

E-03 

3.84E-

03 

2.85E-

03 

3.48E-

05 

3.28E-

07 

2.76E-

03 

9.55

E-04 0 

1.68E-

06 

1.18E-

05 

1.34E-

07 

1 Converted 45 g 5 ml 6.91 0 2.63E-07 7.25E-03 0 

3.39

E-04 

1.38E-

04 

1.20E-

04 

2.80E-

05 0 

7.40E-

04 0 

3.10E-

03 

6.07E-

05 

4.79E-

07 

7.07E-

06 

2 Converted 45 g 5 ml 6.74 0 1.46E-07 4.25E-03 0 

1.50

E-05 

1.36E-

04 

1.02E-

04 

2.65E-

05 0 

6.09E-

04 0 

3.42E-

03 

3.96E-

05 

3.88E-

07 

2.72E-

06 

3 Converted 45 g 5 ml 6.6 0 2.63E-07 3.25E-03 0 

3.93

E-04 

1.41E-

04 

1.28E-

04 

2.82E-

05 0 

7.83E-

04 0 

3.20E-

03 

9.27E-

05 

4.91E-

07 

1.09E-

05 

4 Modelled 45 g 5 ml 8 0 7.30E-12 1.68E-02 

5.51E-

06 

9.64

E-04 

1.05E-

03 

2.63E-

03 

1.44E-

05 

3.34E-

06 

2.74E-

03 

1.12

E-05 

2.28E-

03 

1.43E-

04 

1.37E-

11 

3.26E-

05 

5 Modelled 10 ml 10 g 7.3 2.30E-03 2.19E-11 6.18E-02 

2.68E-

05 

5.00

E-04 

3.33E-

03 

1.28E-

02 

1.69E-

05 

2.61E-

05 

6.09E-

03 

3.06

E-05 

1.96E-

03 

1.77E-

04 

5.14E-

11 

1.52E-

04 

6 Modelled 10 ml 10 g 7.2 1.65E-02 1.46E-11 3.13E-02 

3.46E-

04 

4.64

E-04 

3.08E-

03 

1.81E-

02 

6.73E-

06 

1.02E-

03 

6.09E-

03 

7.17

E-03 

1.92E-

03 

1.43E-

04 

3.42E-

11 

1.36E-

04 

7 Modelled 10 ml 10 g 7 2.59E-03 1.77E-06 7.00E-03 

5.35E-

05 0 

1.17E-

02 

3.78E-

03 

4.91E-

07 

6.15E-

05 

4.18E-

03 

2.37

E-03 

1.78E-

03 

2.78E-

04 

9.13E-

06 

5.98E-

04 
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Supplementary Table 1. Abundance of cells (cells/ml) at the start and end of each enrichment stage 

 Stage 1 

start 

Stage 1 

end 

Stage 2 

start 

Stage 2 

end 

Stage 3 

start 

Stage 3 

end 

Stage 4 

start 

Stage 4 

end 

Stage 5 

start 

Stage 5 

end 

Stage 6 

start 

Stage 6 

end 

Stage 7 

start 

Stage 7 

end 

Replicate 1 
1.09E+

05 

1.10E+

08 

1.32E+

06 

9.74E+

07 

1.17E+

06 

9.24E+

07 

1.11E+

06 

7.76E+

07 

9.32E+

05 

4.44E+

07 

5.32E+

05 

2.09E+

07 

2.51E+

05 

2.34E+

07 

Replicate 2 
1.24E+

05 

1.26E+

08 

1.13E+

06 

1.07E+

08 

9.62E+

05 

9.98E+

07 

8.95E+

05 

6.65E+

07 

5.97E+

05 

3.08E+

07 

2.76E+

05 

2.59E+

07 

2.32E+

05 

1.97E+

07 

Replicate 3 
1.13E+

05 

1.15E+

08 

1.07E+

06 

8.63E+

07 

8.06E+

05 

1.02E+

08 

9.56E+

05 

8.01E+

07 

7.49E+

05 

2.96E+

07 

2.76E+

05 

3.20E+

07 

2.99E+

05 

2.46E+

07 

656 



38 
 

 

Supplementary Table 2. Diversity statistics of the averaged 16S rRNA gene community profiles of the enrichments. SD represents 

standard deviation. 

Enrichment 

stage Shannon index SD 

Simpson 

index SD 

Berger-Parker 

index SD 

Margalef 

index SD 

T0 0.59 ND 0.34 ND 1.27 ND 2.11 ND 

1 1.19 0.65 0.55 0.24 2.03 0.84 3.14 0.32 

2 1.82 0.11 0.78 0.03 2.85 0.46 2.99 0.59 

3 1.91 0.27 0.78 0.07 2.80 0.69 2.97 0.24 

4 1.59 0.51 0.66 0.19 2.23 0.89 2.86 0.11 

5 1.29 0.51 0.56 0.19 2.19 0.90 2.14 0.27 

6 1.38 0.39 0.57 0.18 2.29 0.85 2.22 0.14 

7 1.33 0.33 0.59 0.19 1.99 0.69 2.03 0.42 
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Supplementary Table 3. Concentration of elements in the fluid chemistries in combination with OUCM-1 simulant from Stage 7 measured from Abiotic and Biotic 

Test groups. Concentrations are in M.  

Experiment 
Sample 
name Replicate Na+ NH4

+ K+ Mg2+ Ca2+ Cl2- NO2
- NO3

2- SO4
2- 

Abiotic Stage 7 1 0.0026 0.00013 0.0014 0.0019 0.04 0.0018 0.00026 0.0038 0.011 

Abiotic Stage 7 2 0.0023 0.00014 0.0019 0.0021 0.037 0.0016 0.00026 0.0034 0.011 

Abiotic Stage 7 3 0.0022 0.00012 0.0017 0.0019 0.039 0.0016 0.00027 0.0035 0.011 

Biotic Stage 7 1 0.0026 0.0003 0.012 0.002 0.079 0.0018 0.00026 0.0037 0.0017 

Biotic Stage 7 2 0.0023 0.00031 0.011 0.0021 0.08 0.0018 0.00026 0.0033 0.002 

Biotic Stage 7 3 0.0023 0.00027 0.013 0.002 0.072 0.0016 0.00027 0.0035 0.0019 
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Supplementary Table 4. Identification of genera with metabolisms previously identified in the literature   

Genus Family 
Metabolisms detected 

within the genus Carbon acquisition strategies Literature 

Acetobacterium Eubacteriaceae Acetogenesis Organotroph 
(Simankova and Kotsyurbenko, 2015; 

Groher and Weuster-Botz, 2016) 

Clostridium Clostridiaceae Fermentative Autotrophic and Heterotrophic 
(Keis et al., 2001; Liu et al., 2008; Kaur et 

al., 2014) 

Thauera Rhodocyclales Denitrification Heterotrophic (Mechichi et al., 2002; Wang and He, 2020) 

Desulfovibrio Desulfovibrionaceae Sulfate reduction Autotrophic and Heterotrophic 
(Postgate and Campbell, 1966; Stanley and 

Southam, 2018; Sánchez-Andrea et al., 
2020) 

Desulfosporomusa Veillonellaceae Sulfate reduction Autotrophic and Heterotrophic (Sass et al., 2004) 

Desulfobulbus Desulfobulbaceae Sulfate reduction Heterotrophic (Suzuki et al., 2007; El Houari et al., 2017) 
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