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Abstract 

This thesis experimentally investigates the proposition that aqueous environments with 

anoxic, reducing, circumneutral conditions, inorganic electron donors and oxidants such as 

nitrate may have allowed chemolithotrophic microbial metabolisms, such as nitrate-

dependent Fe2+ oxidation (NDFO), to thrive on early Mars. 

The NDFO microorganisms, Acidovorax sp. strain BoFeN1, Paracoccus sp. strain KS1 

and Pseudogulbenkiania sp. strain 2002, are demonstrated to grow lithoautotrophically 

with a Mars-relevant olivine Fe2+ source and in martian simulant media developed from in 

situ and meteorite geochemical data. Additionally, mixotrophic NDFO with Fe2+ and an 

organic co-substrate as electron donors, was shown to increase the extent of microbial 

growth, which gains importance in light of the confirmation of complex organics at the 

martian surface. Biomineralised microbial features were discovered after culture with 

olivine and the oxidation of Fe2+ was measured in heterotrophic cultures. Microfossils and 

Fe3+ compounds in reducing contexts provide targets for biosignature detection missions. 

In addition, this work presents findings on the biochemical mechanisms of NDFO, 

quantifying the relative contributions of the Nar respiratory nitrate reductase enzyme, 

putative ferroxidases and nitrite accumulation to Fe2+ oxidation during nitrate reduction. 

Gene knockout experiments revealed that Fe2+ oxidation in the heterotrophic Salmonella 

enterica Serovar Typhimurium strain SL1344 is largely driven by the production of 

reactive nitrite ions during Nar activity. Draft genome analysis of Acidovorax sp. strain 

BoFeN1 and Paracoccus sp. strain KS1 revealed potential mechanisms of electron 

acquisition during Fe2+ oxidation, underlining that multiple mechanisms of NDFO exist. 

The combined findings of this thesis support the plausibility of NDFO in the deep martian 

past and propose mechanisms by which evidence may be preserved in the geological 

record of that planet.   
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Equations 

Cell density 

T = N ×
A

a
÷ V (1) 

where 

T = number of cells mL-1 

N = mean number of cells per field of view 

A = surface of filtration (mm2) 

a = the area of the microscopic field (mm2) 

V = volume of sample filtered (mL) 

 

Maximum specific growth rate 

µ𝑚𝑎𝑥  =
ln 𝑥 –  ln 𝑥0

𝑡
(2)  

where 

µmax = maximum specific growth rate  

𝑥0 = cell density at the start of the exponential phase 

 𝑥 = cell density at the end of exponential phase 

t = time between measurement of 𝑥0 and 𝑥  
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1.1 Introduction 

Throughout human history, questions around the uniqueness, or otherwise, of life on Earth 

have defined and permeated cultures and religions. It is only in recent decades, with the 

return of a wealth of data from probes, satellites, space telescopes, orbiters and landers that 

we have begun to approach questions of habitability in answerable terms. These questions 

are of great philosophical, as well as scientific, importance. The field of astrobiology 

applies the knowledge and principles of terrestrial biology to the questions of possible 

origin, development and persistence of organisms in extraterrestrial environments.  This 

pursuit is the underlying thread running through this thesis, setting the course for the 

experiments undertaken, and guiding the focus of interpretation and discussion of results. 

Mars has inspired the search for extraterrestrial life since the early days of the telescope. 

Perceptions of its habitability – or even inhabitation – have fluctuated with advances in our 

exploration capabilities and increased knowledge of martian environments (Filiberto and 

Schwenzer, 2018). The martian “channels” described by Giovanni Schiaparelli in the 19 th 

century led to a wave of public interest in Mars and imagined civilisations there, helped, in 

part, by the mistranslation of his description to “canals”, implying deliberately constructed 

features.  This was perpetuated by the astronomer Percival Lowell’s claims to have seen 

these supposed alien structures for himself. Though these claims proved to be unfounded, 

the idea of martian life persisted in popular culture through literature such as HG Wells’ 

famed novel The War of the Worlds. Any question of a civilisation was, however, firmly 

put to rest by the early ventures of the space age beyond the Earth-Moon system.  

The first space missions to Mars confirmed our near neighbour to be a cold, dry world, 

heavily cratered and bathed in radiation that penetrates the thin, anoxic atmosphere (Kliore 

et al., 1965; Leighton et al., 1965). Over the intervening decades since Mariner 4, fly-bys, 
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orbiters, landers and rovers have allowed us to build up the story of Mars’ history; one 

which points to a once warmer and wetter environment than today, a potential haven for 

early microbial life (Craddock and Howard, 2002; Ehlmann et al., 2011).  

This project relates specifically to early Mars as a habitat for known terrestrial microbial 

metabolisms. The resulting body of work provides new knowledge pertaining to the 

suitability and feasibility, in simulated martian environmental conditions, of known 

terrestrial microbial metabolisms, particularly those that utilise substrates that are known to 

exist on Mars. Specifically, this thesis will investigate whether biotic Fe2+ oxidation could 

have occurred on Mars, building on previous work relating to microbial iron (Fe) reduction 

and attempting to close the hypothetical loop of biotic Fe cycling in the martian crust 

(Nixon, 2014). The results extend our knowledge of relatively understudied forms of 

microbial Fe2+ oxidation on Earth, as well as informing design of - and targets for - future 

life detection missions to Mars. 
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1.1 Mars 

1.1.1 A brief history 

 

Figure 1.1 Global mosaic image of Mars from Viking orbiter images. Centred at 20° latitude and 60° 

longitude (Image credit: NASA/JPL/USGS). 

Mars (Figure 1.1) is the outermost of the rocky planets within our Solar System, formed by 

accretion, along with the other planets, within the protoplanetary disc orbiting our young 

Sun around 4.6 Ga. Owing to its relatively small size (0.107 Earth masses), Mars cooled 

more rapidly than our own planet, meaning that a global magnetic field is unlikely to have 

have been active beyond its first few hundred million years (Chassefière and Leblanc, 

2004). The period immediately following this initial cooling, termed the Noachian (4.1–3.7 

Ga), was characterised by high impact, erosion and valley formation rates. Widespread 

hydrous weathering products formed at that time suggest at least occasional warm and wet 

conditions at the surface, resulting from the effects of impacts or volcanism (Schwenzer 

and Kring, 2009; Halevy and Head III, 2014). The existence of liquid water is critical to 

assessing habitability, as an essential solvent for biochemistry and requirement for all 

known life.  
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Either through heavy bombardment or the lack of a protective magnetic field to resist the 

solar wind, the atmosphere was largely stripped away over time (Jakosky and Phillips, 

2001; Chassefière and Leblanc, 2004), exposing the surface to intense solar radiation and 

cosmic rays. Since then, liquid water has been unstable under surface conditions because 

of the low atmospheric pressure (increasing sublimation), ionising radiation (which splits 

water molecules into free radicals) and low average global temperatures. However, 

infrequent catastrophic outflow events (Tanaka et al., 2005) during the Hesperian period 

(3.7-3.0 Ga), upwelling of groundwater in deep basins  and impact-generated hydrothermal 

systems  may have allowed for large volumes of water to form at the surface, with 

circulation perhaps persisting over millions of years (Marzo et al., 2010; Schwenzer et al., 

2012; Michalski et al., 2013; Osinski et al., 2013).  

In the period from 3 Ga to the present day (the Amazonian), conditions are thought to have 

been broadly similar to the cold, desiccated and irradiated environment we currently  

observe (Carr and Head, 2010). Volcanic activity decreased and episodic floods represent 

the most notable large-scale aqueous activity at the surface during this time (Carr and 

Head, 2010), though evidence of recent wet-based glaciation is now mounting (Butcher et 

al., 2017). Today, liquid groundwater is proposed to be the source of seasonal recurring 

slope lineae (RSL) features (Ojha et al., 2015) although estimates of water volume therein 

are no more than 3 wt% (Edwards and Piqueux, 2016). Despite the present surface 

conditions on Mars posing challenges to the existence of extant life there, the well-

preserved geological record of the broadly stable cold and dry surface conditions of the last 

three billion years offers an opportunity to investigate features from time periods which are 

difficult to access in the terrestrial rock record. 
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1.1.2 Habitable worlds in parallel? 

Efforts to find convincing evidence of the earliest terrestrial life are hampered by the 

continual reprocessing of the crust by the action of plate tectonics. All but a few traces of 

the early Earth’s crust have been destroyed, and the remaining material is heavily altered, 

making all current evidence for life in the early Archaean period (Figure 1.2) inherently 

questionable. The oldest undisputed evidence for microbial life on Earth falls at ~3.5 Ga 

(Westall et al., 2006; Noffke et al., 2013), within the martian Hesperian period. However, a 

more recent study proposes stromatolites in Isua supracustal belt rock of 3.7 Ga age 

(Nutman et al., 2016), there is geochemical evidence of microbially-induced carbon 

isotope fractionation on Earth at ~3.8 Ga and putative microfossils in Nuvvuagittuq 

supracrustal belt rock at >3.77 Ga (Mojzsis et al., 1996; Dodd et al., 2017). This older 

evidence corresponds to the late Noachian period on Mars, meaning that life may have 

been established on Earth while Mars still harboured a thick atmosphere and standing 

liquid water. Mars has not experienced plate tectonics (McSween et al., 2009), so if life 

ever existed there, those ancient rocks, and thus any biosignatures preserved within, may 

be good targets for investigation.  

 

Figure 1.2. Geological timescale for Mars with proposed dates for formation of features on Mars (top) and 

milestones of evolution of life on Earth (bottom). The coincidence of peak activity of deep alteration 

processes on Mars and the first prokaryotic life on Earth is noted. “pN” =pre-Noachian. “Phan.”= 

Phanerozoic. Taken from (Michalski et al., 2013). 



7 

 

1.1.3 Hydrothermal habitats on early Mars 

During the Noachian period, more hospitable surface environments for life may have 

prevailed (Carr and Head, 2010; Mangold et al., 2012), including: large-scale fluvial 

systems (Malin and Edgett, 2003; Irwin et al., 2005; Fassett and Head, 2008; Mangold et 

al., 2012; Williams et al., 2013), and impact-generated hydrothermal, lacustrine and 

groundwater systems (Schwenzer and Kring, 2009; Osinski et al., 2013; Grotzinger et al., 

2014b; Rampe et al., 2017).  Evidence for these environments comes from lake bed 

sediments, such as those identified at Gale Crater, which the NASA Mars Science 

Laboratory rover (Curiosity) is investigating in detail (e.g., Grotzinger et al., 2015).     

Phyllosilicates and other hydrated minerals have also been observed from orbit (Gendrin et 

al., 2005; Bibring et al., 2006; Chevrier et al., 2007) and from the ground (Squyres et al., 

2004b; Ehlmann et al., 2011).   Despite this wealth of evidence for a range of habitable 

environments, hydrothermal systems are of intense astrobiological interest due to the 

temperature, redox and chemical gradients which drive productive microbial ecosystems 

here on Earth (e.g., Moyer et al., 1995; Konhauser and Ferris, 1996; Brazelton et al., 2006). 

On Earth, active hydrothermal systems are linked to tectonic processes or volcanism, 

which drive water circulation; there is no evidence of a sufficiently large and sufficiently 

young crater on the Earth’s surface in which an active impact-generated hydrothermal 

system could exist (Osinski et al., 2013). However, evidence for past hydrothermal systems 

is observed in the form of hydrothermal mineral veins around many ancient terrestrial 

craters, e.g., Chicxulub, Manicouagan, Sudbury and others (see Pirajno (2009) and Osinski 

et al. (2013) for reviews). On Mars, hydrothermal systems caused by large impacts craters 

(>30 km) could provide warm water conditions even in periods of cold climate (Abramov 

and Kring, 2005). 
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Hydrothermal fluids dissolve bedrock and precipitate secondary mineral phases as 

conditions change throughout their lifetime and, thus, contain abundant bioessential 

elements (carbon, hydrogen, oxygen, nitrogen and sulfur) that support diverse microbial 

communities (Arnold and Sheppard, 1981; Welhan and Craig, 1983; Charlou and Donval, 

1993; Wheat et al., 1996; Konn et al., 2009). With estimated life-times of 150,000-200,000 

years even for modest craters (100-180 km diameter) the size of Gale, and with cycles of 

continuous mineral dissolution and precipitation maintaining the availability of inorganic 

substrates for microorganisms during that time, impact-generated hydrothermal systems 

could have provided localised hospitable zones (Abramov and Kring, 2005; Schwenzer and 

Kring, 2009).   

To better understand the conditions of impact-generated systems on early Mars, some 

previously characterised, potentially habitable environments are be discussed here: (1) the 

ancient lake at Gale Crater investigated by the Curiosity rover (Palucis et al., 2016); (2) the 

hydrothermal environment discovered in the rim of Endeavour Crater by the MER 

Opportunity rover (Squyres et al., 2012; Arvidson et al., 2014; Grotzinger et al., 2014b; 

Fox et al., 2016), and (3) the hydrothermal fluids which altered the nakhlite meteorites 

(Changela and Bridges, 2010; Hicks et al., 2014; Schwenzer et al., 2016). 

1.1.3.1 Gale crater lake hydrothermal system 

The ancient lake bed at Gale Crater is likely to be one of many that formed within impact 

craters on Mars (Cabrol and Grin, 1999). Conglomerates, cross-bedded sandstones, 

siltstones, and mudstones have been identified by the Curiosity rover, allowing for a 

detailed understanding of water flow, standing water conditions and even temporary 

periods of desiccation (Vaniman et al., 2013; Williams et al., 2013; Grotzinger et al., 

2014b; Grotzinger et al., 2015; Palucis et al., 2016; Hurowitz et al., 2017). The mineralogy 
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and geochemistry of Gale Crater sediments suggest that the conditions in this ancient lake 

were temperate and pH-neutral, suitable for the maintenance of life in the water table and 

water column over the 10,000-10,000,000 year lifetime of the active system (Grotzinger et 

al., 2014b; Grotzinger et al., 2015). However, excursions to, or local areas of, mildly acidic 

(pH > 2) conditions are evidenced by the discovery of jarosite (Rampe et al., 2017), but 

these would not pose an insurmountable obstacle to the continued existence of a microbial 

biosphere, as has been demonstrated using simulated Mars conditions previously 

(Bauermeister et al., 2014). 

Post-depositional diagenetic and alteration processes, such as the dissolution of primary 

minerals, the formation of calcium-sulfate veins, cementation, desiccation, or even changes 

to the chemistry of the incoming sediment load due to external silicic volcanism, will have 

changed the lake’s environmental conditions multiple times, leading to complex 

environmental conditions variable in space and time (Bridges et al., 2015; Johnson et al., 

2016; Schwenzer et al., 2016; Frydenvang et al., 2017; Nachon et al., 2017; Rampe et al., 

2017; Yen et al., 2017). Further, Gale Crater sediments are reported to contain bioessential 

elements such as hydrogen, phosphorus, oxygen and nitrogen, and Fe and sulfur in variable 

oxidation states that could provide possible energy sources (Vaniman et al., 2013; 

Grotzinger et al., 2014b; Stern et al., 2015; Morris et al., 2016; Sutter et al., 2016). 

Complex organic molecules are also reported to be present at concentrations that could 

have supported past life (Eigenbrode et al., 2018).  

1.1.3.2 Endeavour crater hydrothermal system 

Orbital observations have shown that many craters on Mars bear evidence of impact-

generated hydrothermal activity (Marzo et al., 2010; Mangold et al., 2012), and ground 

based exploration by the MER rover Opportunity revealed an impact-generated 



10 

 

hydrothermal system at Endeavour Crater, where localized zinc enrichments and 

aluminium-rich smectites in fractures suggest hydrothermal alteration. From the 

geochemical data collected by Opportunity, the original fluids in the system are predicted 

to have been low-temperature and slightly acidic to circumneutral pH, amenable to 

microbial life (Squyres et al., 2012; Arvidson et al., 2014; Fox et al., 2016).  

1.1.3.3 Hydrothermal alteration in nakhlite meteorites 

Characteristic products of hydrothermal alteration, namely carbonates and clay minerals, 

are also found within martian meteorites; the most complete succession of martian 

minerals ascribed to impact-generated hydrothermal activity are specifically found in the 

nakhlite martian meteorites (Changela and Bridges, 2010; Bridges and Schwenzer, 2012; 

Hicks et al., 2014). These rocks formed at ~1.3 Ga and were ejected from Mars around 11 

Myr ago (Nyquist L.E., 2001), with hydrothermal alteration occurring some time since 670 

Ma (Swindle et al., 2000). While these meteorites have an unknown martian provenance, 

and thus their geological context remains an informed guess, the opportunity to investigate 

the succession of minerals with Earth-based instrumentation adds significant detail to an 

understanding of the compositional, reduction-oxidation (redox) and pH evolution of such 

alteration processes. For example, the alteration reactions evident in the nakhlites indicate 

a change in redox conditions as evidenced by a shift from Fe2+-precipitates to Fe3+-

precipitates over the course of the formation of the assemblage (Bridges and Schwenzer, 

2012; Hicks et al., 2014). Investigating such details is, to date, beyond the capability of 

current rovers and landers, but future in situ collection of this information would represent 

a major advance in assessing the habitability of a site during and after hydrothermal 

activity. 
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These examples of martian environments (impact-generated hydrothermal lacustrine and 

groundwater systems) demonstrate the abundance of potentially habitable environments (as 

we understand them) on ancient Mars.  

1.2 Finding model organisms for Mars 

1.2.1 Extremophiles 

All life on Earth falls somewhere within a set of ranges relating to physical and chemical 

variables (e.g., temperature, salinity, pressure, radiation), which are constantly being 

refined and updated. Organisms which thrive best when one or more of these parameters is 

outside of what is considered to be the norm, are termed “extremophilic” (extreme-loving).  

These extremophiles are of great interest to astrobiologists, as many of the potential niches 

for life in extraterrestrial environments fall within some combination of extremes. For 

example, the surface of Mars today is cold, so any extant life there could be expected to be 

psychrophilic (cold-loving) (Reid et al., 2006). Due to the low temperature, any fluids near 

the surface are predicted to exist predominantly as acidic, concentrated brines (Fairén et 

al., 2009), and so organisms would also need to be both acidophilic (acid-loving) and 

halophilic (salt-loving) (Mancinelli et al., 2004; Amils et al., 2011; Oren et al., 2014). 

 As an alternative example, the pressure and high temperature around putative 

hydrothermal deep-sea vents on Saturn’s moon, Enceladus (Hsu et al., 2015; Waite et al., 

2017), would select for barophilic (pressure-loving) and thermophilic (heat-loving) life 

forms (Taubner et al., 2016; Taubner et al., 2018). In order to identify model organisms for 

the combinations of extremes reported for extraterrestrial environments, it is possible to 

investigate the microbes inhabiting analogous locations on Earth. 
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1.2.2 Terrestrial analogue sites 

Terrestrial analogue sites are those that exhibit environmental conditions or processes 

comparable with those found in extraterrestrial environments. Many of these sites are 

‘extreme’ in terms of temperature, salinity, pH or other physicochemical parameters. Some 

offer a combination of relevant environmental stressors, and others may simply offer a 

specific or rare characteristic (Preston and Dartnell, 2014). For microbiologists, terrestrial 

analogues of extraterrestrial environments are a source of model organisms, and those 

isolated from extreme environments have often developed adaptations that can be used to 

inform our understanding of the potential for life in extraterrestrial locations. 

Popular regions for Mars analogues include the Antarctic Dry Valleys (exhibiting low 

temperatures, desiccation and irradiation) (Wynn-Williams and Edwards, 2000; 

Gilichinsky et al., 2007), the Rio Tinto mine drainage site (with low pH) (Amils et al., 

2007; Amils et al., 2011; Preston et al., 2011), the Atacama Desert (desiccation and 

irradiation) (Connon et al., 2007; Ewing et al., 2008; Valdivia-Silva et al., 2011) and deep-

sea hydrothermal vent systems (high pressure and temperature) (Amador et al., 2017). 

Iceland offers sites with many of these characteristics, with an added benefit - it is one of 

the few land masses on Earth which is primarily basaltic, compositionally similar to the 

crust of Mars. For a comprehensive list of current astrobiologically-relevant sites, see 

(Preston et al., 2012).  

It is important to note that, although many analogues are considered extreme environments 

by the standards of terrestrial life, more clement locations can also be used to yield insights 

into potential martian metabolisms. One example of this would be the River Dee estuarine 

environment, which has been characterised as an analogue for early martian lacustrine 

environments such as at Gale crater (Curtis-Harper et al., 2018).  
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1.2.3 Appropriate martian metabolic strategies 

In early martian surface environments, where the conditions were more conducive to life 

than the present day, both phototrophic (solar energy-driven) and chemotrophic (chemical 

energy-driven) primary producers may have been viable, possibly producing enough 

organic carbon for the subsequent development of heterotrophy (using organic carbon 

molecules as electron donors) and a complex web of microbial life (Westall et al., 2015). 

As the environment evolved from “warm and wet” to “cold and dry”, life would have 

likely become limited to the sub-surface environment (Nixon et al., 2012). Here, they 

would be protected from the adverse surface conditions and, as such, may have become 

limited to light-independent chemolithotrophic metabolisms (those that harvest energy 

from redox reactions using inorganic substrates) (Nixon et al., 2012). This metabolic 

strategy involves the transfer of electrons donated by the inorganic substrate, through the 

electron transport chain for adenosine tri-phosphate (ATP) production, to a final acceptor 

(Figure 1.3). 

 

Figure 1.3. Summary of electron and carbon sources for chemolithotrophic energy production and 

biosynthetic pathways. e- = electron. ADP = adenosine diphosphate. ATP = adenosine triphosphate. Pi = 

inorganic phosphate (Bruslind, 2019). 

On Earth, chemolithotrophy is pivotal for biogeochemical cycling (e.g., of Fe, nitrogen and 

sulfur) (Madigan et al., 2008).  Laboratory-based Mars simulation experiments, using 
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analogue regolith or brine, and theoretical modelling, have suggested that 

chemolithotrophic life driven by Fe and sulfur cycling or methanogenesis could persist in 

the sub-surface martian environment across a wide range of pH, salinity, desiccation and 

temperature (Parnell et al., 2004; Amils et al., 2007; Jepsen et al., 2007; Gronstal et al., 

2009; Chastain and Kral, 2010; Smith, 2011; Popa et al., 2012; Hoehler and Jørgensen, 

2013; Montoya et al., 2013; Summers, 2013; Bauermeister et al., 2014; Oren et al., 2014; 

King, 2015; Fox-Powell et al., 2016; Schuerger and Nicholson, 2016). Hence, 

understanding the role of Fe in the martian crust is crucial for astrobiological studies. 

1.3 Fe chemolithotrophy 

On early Earth, Fe biogeochemical cycling and the occurrence of Fe redox-couples were 

crucial to the evolution of the biosphere, both in microbial metabolism and also as a 

cofactor in metalloproteins such as cytochromes, nitrogenases and hydrogenases (Canfield 

et al., 2006; Hoppert, 2011; Raiswell and Canfield, 2012). In metabolism, Fe can act as 

either an electron acceptor or donor, dependent on its redox state (Miot and Etique, 2016). 

Fe-oxidising microorganisms (Section 1.3.2.1) have been shown to utilise Fe2+ once 

released by dissolution from minerals such as olivine (Santelli et al., 2001) and a similar 

process may have operated within potentially habitable environments on Mars. Conversely, 

microbial Fe reduction commonly utilises electrons donated from organic substrates, H2 or 

S0, with oxidised Fe3+ as the final electron acceptor (Lovley and Phillips, 1988; Lovley et 

al., 1989) and the plausibility of Fe reduction on Mars has been appraised previously 

(Nixon et al., 2012; Nixon et al., 2013; Nixon, 2014). 

1.3.1 Fe in the martian crust 

The crust of Mars is Fe-rich, as evidenced by the largely reddish colouration of the surface, 

an effect resulting from the oxidation of reduced Fe, Fe2+, within basaltic bedrock to form 

Fe3+-compounds in the uppermost rock and dust layers, often only a few millimetres in 
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depth (Grotzinger et al., 2014b). The FeO content of the basalts, which dominate martian 

geology because of the lack of plate tectonics, is roughly twice that observed in 

comparable basalts on Earth (Bertka and Fei, 1998). Fe2+ can exist as little as a few 

centimetres beneath the surface, as evidenced by the Mars Science Laboratory (MSL) drill 

holes, ‘John Klein’ and ‘Cumberland’ (Vaniman et al., 2013), and Fe2+-bearing minerals 

such as olivine ((Mg2+, Fe2+)2SiO4) have been detected across large areas of the martian 

surface (Hoefen et al., 2003). It is also likely that large amounts of basaltic glass 

(amorphous Fe2+-containing material) is contained within martian crustal rocks (McSween 

et al., 2009). It has also been suggested that Fe2+-bearing minerals may be released during 

weathering by the current martian atmosphere (Chevrier et al., 2006), although acid-sulfate 

weathering is thought by some to have been more prevalent in the Noachian period of early 

Mars history (Bibring et al., 2006; Zolotov and Mironenko, 2007) even in a broadly 

circumneutral global context (Andrews-Hanna and Lewis, 2011).  

Owing to its abundance, availability and role in terrestrial biogeochemical cycling, Fe is an 

inviting starting point when considering energy sources for a biosphere on Mars.  Further, 

Fe-rich terrestrial fluids and sediments can be of use as sources of model organisms for 

microbiologists assessing Mars as a habitat. 

1.3.2 A potential Mars Fe cycle  

The Fe-rich nature of Mars raises possibilities regarding the feasibility of Fe 

biogeochemical cycling. An active hydrological cycle, combined with prevailing reducing 

conditions during the Noachian period, are likely to have facilitated large-scale transport of 

Fe through enhanced dissolution and limitation of abiotic oxidation respectively       

(Figure 1.4).  
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A hypothetical ‘loop’ of biologically-mediated martian Fe cycling (Figure 1.5) was first 

proposed by Nealson (1997), which included both Fe reduction and also phototrophic Fe2+-

oxidation (Ehrenreich and Widdel, 1994). Nealson’s model assumed a habitable photic 

zone on early Mars that cannot be applied to present-day Mars, because of the surface 

conditions that prevent closure of this ‘loop’ for biogeochemical Fe cycling.  

 

Figure 1.4. Hypothetical transport of Fe on early Mars. Reduced Fe is released into aqueous environments by 

dissolution of ferrous minerals. This process could be accelerated by volcanic or impact-generated 

hydrothermal activity (McSween et al., 2009). Some dissolved Fe may be photo-oxidised by solar UV 

radiation to ferric compounds and deposited as sediments (Nie et al., 2017). 

Although research suggests that phototrophs may be sufficiently protected inside various 

micro-habitats (e.g., within ice, halite, Fe3+-rich sediments and impact-shocked rocks) to 

withstand modern martian UV flux and remain photosynthetically productive (Cockell and 

Raven, 2004), the effect of desiccation, in combination with UV irradiation, would prevent 

dispersal and negatively impact viability (Cockell et al., 2005). Additionally, a lack of 

liquid water at the surface of Mars would be detrimental to any form of life (Martín-Torres 

et al., 2015).  
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Figure 1.5. Hypothetical martian biogeochemical cycle of Fe. Nealson (1997) suggested combination of 

phototrophic Fe2+ oxidation (Ehrenreich and Widdel, 1994) and heterotrophic Fe reduction (Myers and 

Nealson, 1988) to give a hypothetical Fe cycle. Carbon cycles are driven by solar and chemical energy 

sources. Fe is both the oxidant and the reductant for the cycle. Chemolithotrophic Fe2+ oxidation is proposed 

as an alternative to phototrophic Fe2+ oxidation, as the post-Noachian Mars surface environment may restrict 

opportunities for phototrophy, and any mechanism of Fe2+ oxidation in more recent periods may necessarily 

be light-independent.  

A plausible alternative to a phototrophic Fe-oxidiser would be a chemolithotrophic Fe-

oxidiser, which can obtain energy from redox reactions involving inorganic substances. 

This would allow for a light-independent Fe cycle, which could have existed at the surface 

or in the sub-surface of early Mars and even continue today in deep sub-surface 

groundwaters (Michalski et al., 2013). 

1.3.2.1 Chemolithotrophic Fe2+ oxidation 

Abiotic Fe2+ oxidation occurs as a function of oxidant concentration, pH, temperature and 

Fe2+ concentration (Ionescu et al., 2015). On Earth, low pH (<4) prevents the abiotic 

oxidation of Fe2+ by atmospheric O2 (Morgan and Lahav, 2007) (Figure 1.6), allowing 

biotic oxidation (using oxygen as the electron acceptor) to dominate in aerobic, acidic 



18 

 

environments such as acid mine drainage sites like Rio Tinto (Amils et al., 2007; Amils et 

al., 2011; Preston et al., 2011). Acidophilic (low pH-adapted) microbes take advantage of 

the high proton gradient to synthesise ATP. The influx of protons is balanced with 

electrons sourced by the oxidation of Fe2+ (Hedrich et al., 2011).   

Evidence from evaporitic palaeo-environments on Mars suggest historic low pH (<3.5) 

conditions existed in certain regions (Gendrin et al., 2005; Squyres and Knoll, 2005; Ming 

et al., 2006), although neutral-alkaline pH-associated clays are also observed in older 

terrains (Bibring et al., 2006). The transition to more arid conditions is thought to have 

coincided with a general shift from widespread clay formation to evaporitic sulfate 

precipitation at the surface (Bibring et al., 2006; Chevrier et al., 2007), resulting in 

increasingly acidic brines that may have promoted this form of biotic Fe2+ oxidation 

(Tosca and McLennan, 2006; 2009). Given that only trace quantities (1450 ppm) of 

oxygen exist in the modern martian atmosphere (Mahaffy et al., 2013), the idea of aerobic, 

acidophilic Fe2+ oxidation at the surface today has been largely dismissed (Bauermeister et 

al., 2014). However, modelling approaches have suggested that enough oxygen could be 

dissolved in perchlorate brines to support oases of aerobic metabolism in the martian 

subsurface (Stamenković et al., 2018), albeit at temperatures largely below the currently 

known limits for microbial growth (Clarke et al., 2013). 
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Figure 1.6. Oxidation rate of soluble Fe2+ by O2 in aqueous solution as a function of pH. Taken from Morgan 

and Lahav (2007). 

An alternative to aerobic Fe-oxidisers is microaerophilic (requiring < 21 % oxygen to 

survive) neutrophilic Fe-oxidisers (NFeOs), which are able to compete with abiotic 

oxidation at near neutral pH. On Earth, this form of metabolism is largely restricted to 

oxic-anoxic boundary zones, where oxidation is much slower (Roden et al., 2004). 

Phylogenetic studies have identified NFeOs in a variety of terrestrial environments 

including arctic tundra, Icelandic streams, deep-ocean vents, Fe-rich soils and temperate 

ground waters (Emerson and Moyer, 2002; Edwards et al., 2003; Emerson and Weiss, 

2004; Cockell et al., 2011; Hedrich et al., 2011; Emerson et al., 2015). Many NFeOs are 

psychrophilic (Edwards et al., 2003; Edwards et al., 2004), which could be linked to the 

much lower rate of abiotic Fe2+-oxidation at low temperatures (Millero et al., 1987). Fe-

bearing minerals such as olivine can be biologically oxidised by a neutrophilic Fe-oxidiser 

under a 1.6 % oxygen headspace gas (Popa et al., 2012). 
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On Mars, regions of the modern sub-surface have been proposed as tolerable for some 

extreme microaerophiles today (Fisk and Giovannoni, 1999). King (2015) also argued that 

microaerophilic activity could be supported by the modern oxygen concentrations recorded 

by the Curiosity rover (Mahaffy et al., 2013; Franz et al., 2015); however, this metabolism 

would be restricted, since oxygen diffusion distances in sediments are often limited to a 

few millimeters (Revsbech et al., 1980; Reimers et al., 1986; Visscher et al., 1991). 

Furthermore, there is evidence to suggest that redox stratification, seen in standing water 

bodies on Earth (Comeau et al., 2012), also occurred in martian lakes such as Gale Crater, 

resulting in an anoxic bottom layer (Hurowitz et al., 2017). Even assuming an oxygen-rich 

early martian atmosphere, such as that suggested by Tuff et al. (2013), deeper waters, 

sediments and the sub-surface would have been largely anoxic. As such, whatever the 

martian atmospheric oxygen concentration, potential habitats for anaerobically respiring 

chemolithotrophs would have been prevalent on ancient Mars and could have persisted in 

the deep sub-surface to the present day (Michalski et al., 2013).   

Further, anaerobic chemotrophic Fe2+ oxidation is known to occur in terrestrial anoxic 

waters and sediments of approximately circumneutral pH (Straub et al., 1996; Benz et al., 

1998; Kappler and Straub, 2005; Chakraborty and Picardal, 2013).  Data from Curiosity at 

Gale Crater has shown that the Sheepbed mudstone formation at Yellowknife Bay contains 

abundant clay minerals, indicating a circumneutral pH environment during sedimentation 

(Vaniman et al., 2013; Grotzinger et al., 2014b; Bridges et al., 2015; Schwenzer et al., 

2016). The conditions associated with Gale Crater are not unique and can be inferred for 

other sites on Mars. For example, circumneutral aqueous alteration during both the 

Noachian and across the Noachian-Hesperian boundary have been proposed based on 

orbital data of Jezero crater (Ehlmann et al., 2008a; Ehlmann et al., 2009), indicating 

further environments which could have supported anaerobic Fe2+ oxidation.  
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1.3.2.2 Electron acceptors for anaerobic Fe2+ oxidation 

In the absence of molecular oxygen, chemolithotrophic Fe-oxidisers would be limited by 

the availability of alternative electron acceptors, such as perchlorate and nitrate, for 

metabolic redox reactions (Straub et al., 1996; Benz et al., 1998; Kappler and Straub, 2005; 

Chakraborty and Picardal, 2013). Of these, perchlorate is the stronger oxidant. 

Studies at multiple locations on Mars have confirmed the presence of perchlorate (Hecht et 

al., 2009; Navarro‐González et al., 2010; Glavin et al., 2013; Kounaves et al., 2014). 

Terrestrial perchlorate-reducing microorganisms have been shown to grow at up to 0.4 M 

perchlorate, which exceeds concentrations found on Mars and suggests the strong oxidative 

capability and toxicity associated with perchlorates would not be prohibitive to life there 

(Oren et al., 2014; Stern et al., 2017). Many perchlorate-reducing microorganisms are able 

to promote Fe2+-oxidation when perchlorate or nitrate is provided as an electron acceptor 

(Bruce et al., 1999; Chaudhuri et al., 2001; Lack et al., 2002), though energy conservation 

leading to growth is yet to be described in the case of perchlorate-reduction coupled to 

Fe2+-oxidation. For example, Dechloromonas agitata strain CKB (Bruce et al., 1999) and 

Azospira suillum strain PS (Dechlorosoma suillum) (Lack et al., 2002) have both been 

shown to conduct perchlorate-dependent Fe2+-oxidation, but only in stationary phase and 

with organic carbon source in the form of acetate. Thus, other electron acceptors may be 

more applicable in driving potential growth in early martian contexts than perchlorate.  

Nitrate is a more feasible electron acceptor for martian Fe2+-oxidation, as it has been 

observed as the electron receptor in Fe2+-oxidising metabolisms of growth-phase cultures 

(Hafenbradl et al., 1996; Straub et al., 1996; Benz et al., 1998; Straub and Buchholz-

Cleven, 1998). However, until the recent discovery of nitrates on the surface of Mars 

(Stern et al., 2015), nitrate-reducers have been largely overlooked with regard to Mars 
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astrobiology. The following sections discuss the discovery of nitrates on Mars and the 

feasibility of nitrate-dependent Fe2+ oxidation (NDFO) as a plausible metabolism for now 

closing the biological Fe ‘loop’ on Mars (Figure 1.5). 

1.3.2.3 Nitrates and nitrogen cycling on Mars 

The geochemical evidence for nitrates on the surface of Mars comes from in-situ analysis 

of mudstone at Gale Crater by Curiosity (Stern et al., 2015) and from analysis of the 

EETA79001 and Nakhla martian meteorites (Grady et al., 1995; Kounaves et al., 2014). It 

has been proposed that these nitrates may have formed through photochemical processing 

(Smith et al., 2014) of the low abundance (1.9 %) molecular nitrogen in the martian 

atmosphere (Mahaffy et al., 2013), volcanic-induced lightning or thermal shock from 

impacts (Stern et al., 2015), and may have resulted in large accumulated quantities of 

nitrates during the early history of the planet (Manning et al., 2009; Stern et al., 2017) 

(Figure 1.7).  The concentration of nitrates detected at Gale Crater (Stern et al., 2015) is 

consistent with predictions of a 5 x 1015 mol global nitrate reservoir from past impact 

processing (Manning et al., 2009). Although it is not believed that nitrate deposition 

currently operates on the martian surface (Stern et al., 2015), interest in the martian 

nitrogen cycle has been reignited because of recent spacecraft observations of atmospheric 

nitrogen in the upper atmosphere (Stevens et al., 2015).   
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Figure 1.7. A hypothetical incomplete nitrogen cycle on early Mars. Atmospheric nitrogen is fixed to 

oxidised nitrogen species via abiotic processes such as volcanic lightning (Stern et al., 2015), thermal shock 

during impacts (Summers and Khare, 2007) and irradiation from solar and cosmic sources (Smith et al., 

2014). 

On Earth, the production of molecular nitrogen is primarily facilitated by microbes through 

denitrification (Fowler et al., 2013). Biological denitrification on Mars could have 

contributed to an early nitrogen cycle during the Noachian period, although Mars’ 

atmosphere (including its primordial atmosphere) has long been suspected to have had a 

low nitrogen abundance relative to Earth (Fox, 1993). Nevertheless, the presence of nitrates 

as a plausible electron acceptor expands the range of microbial metabolisms that could be 

considered potentially viable on Mars.  

With Fe2+ and nitrates abundant on the surface of Mars, it is therefore prudent to study the 

coupling of nitrate reduction to Fe2+ oxidation as a potential metabolism for Mars.  This is 

the overall focus of this thesis. 
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1.4 Nitrate-dependent Fe2+ oxidation (NDFO) 

NDFO metabolism was identified on Earth two decades ago (Straub et al., 1996), yet the 

detailed biochemical mechanisms involved are still unresolved (e.g., Carlson et al., 2013). 

Early studies reported Fe2+-oxidation balanced with nitrate reduction in mixed cultures and 

isolates from anaerobic freshwater, brackish water and marine sediment (Hafenbradl et al., 

1996; Straub et al., 1996; Benz et al., 1998). There are only a few known isolates capable 

of this metabolism (see Table 1.1), but this is likely to be an under-representation of the 

true diversity and prevalence of these organisms (Straub and Buchholz-Cleven, 1998). The 

terrestrial NDFO microbes described in the literature are phylogenetically diverse, 

including an archaeal species and representatives of the alpha-, beta-, gamma- and delta-

proteobacteria (Hafenbradl et al., 1996; Kappler et al., 2005; Kumaraswamy et al., 2006; 

Weber et al., 2009; Chakraborty et al., 2011). The isolation of a member of the 

euryarchaeota capable of NDFO from a submarine vent system (Hafenbradl et al., 1996) is 

suggestive that NDFO may have been an early microbial process on Earth, because of the 

implication of such vents in the earliest evolution of life (Martin et al., 2008).  

The mechanisms of NDFO have remained elusive since the process was first described. 

Several hypotheses have been advanced to account for both the oxidation of Fe during 

nitrate reduction and the observed associated benefit for growth (Carlson et al., 2012). 

The first of these is that a dedicated ferroxidase enzyme is present in all NDFO species, 

which catalyses the oxidation of Fe2+ to Fe3+ resulting in the release and conservation of 

electrons for energy metabolism (Figure 1.8A). Enzymatic Fe2+ oxidation by NDFO has 

never been proven and a detailed proteomic study of the NDFO species Acidovorax ebreus 

definitively demonstrated that this strain lacks any specific Fe2+-oxidoreductase (Carlson et 

al., 2013). A second possibility is that Fe2+ oxidation is catalysed by a secondary action of 
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the respiratory nitrate reductase (Nar) enzyme (Figure 1.8B), providing a less efficient 

pathway for electron acquisition, thus NDFO may actually be an innate capability of all 

respiratory nitrate reducers (Carlson et al., 2013; Etique et al., 2014). Alternatively, abiotic 

side reactions between Fe2+ and reactive nitrogen species (NO, NO2
-) produced upon 

nitrate reduction could also account for Fe2+ oxidation (Carlson et al., 2013; Klueglein et 

al., 2014; Klüglein et al., 2015).  

 

Figure 1.8. Potential mechanisms of nitrate-dependent Fe oxidation, from Carlson et al. (2012). (A) An Fe2+ 

oxidoreductase enzyme accepts electrons from extracellular Fe2+ for the electron transport chain. (B) 

Electrons released by oxidation of Fe2+ in the periplasm are accepted by the Nar respiratory nitrate reductase, 

which consumes protons to generate a proton motive force. 

NDFO microorganisms must balance (a) a potential energy gain from coupled Fe oxidation 

and nitrate reduction and (b) energy consumption to overcome the toxicity of Fe 2+ and 

reactive nitrogen species (Carlson et al., 2012; Carlson et al., 2013). Although Fe 2+ 

oxidation coupled to nitrate reduction to nitrite provides less energy                                    

(-481.15 kJ mol-1 NO3
-) than both organotrophic denitrification (oxidation of organics 

coupled to reduction of nitrate to nitrogen gas) (-556 kJ mol-1 NO3
-) and organotrophic 

nitrate ammonification (oxidation of organics coupled to reduction of nitrate to ammonia)  

(-623 kJ mol-1 NO3
-) (Strohm et al., 2007). This reaction is exergonic (energy-producing) 

at circumneutral pH (-481.15 kJ mol-1 NO3
-), and may theoretically provide enough energy 

to sustain growth under mixotrophic (with an organic carbon source) or autotrophic 
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(lacking organic carbon) conditions (Muehe et al., 2009; Weber et al., 2009; Laufer et al., 

2016a). At the same time, ferruginous conditions stimulate metal efflux pumping and stress 

response pathways to overcome toxicity (Carlson et al. 2013), potentially further impairing 

the efficiency of NDFO as an energy metabolism under such conditions.  

Ilbert and Bonnefoy (2013) postulated that the mechanisms of biological anaerobic Fe2+ 

oxidation may have arisen independently several times on Earth in an example of 

convergent evolution (i.e., similar strategies are adopted by genetically distant species). 

This widespread phylogeny, plus evidence from Fe palaeochemistry, physiology, and 

redox protein cofactors involved in these pathways suggests that NDFO may be the most 

ancient Fe2+ oxidation pathway in terrestrial life (Ilbert and Bonnefoy, 2013). Indeed, 

NDFO microbes have been implicated, alongside anoxygenic Fe2+-oxidising phototrophy, 

in Fe cycling and the production of early banded Fe formations prior to the full 

oxygenation of the atmosphere on Earth (Weber et al., 2006a; Busigny et al., 2013; Ilbert 

and Bonnefoy, 2013). Thus, NDFO may be relevant to any putative early biosphere on 

Mars, where the conditions are favourable to this metabolism. 
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Table 1.1 Examples of microbial species capable of nitrate-dependent Fe2+ oxidation. 

Isolate Respiration e- donor e- acceptor Optimum pH Optimum temperature (°C) Metabolism NDFO Growth Reference 

Thiobacillus 
denitrificans 

obligate 
anaerobe 

S/Fe2+ NO3
- 6.90 30 autotrophic Unclear Straub et al., 1996 

Pseudogulbenkiania 
sp. strain 2002 

facultative 
aerobe 

Fe2+ NO3
- 6.75-8.00 37 autotrophic Yes Weber et al., 2006 

Paracoccus sp. strain 
KS1 

facultative 
aerobe 

Organics/S/ Fe2+ NO3
- 7.00 37 heterotrophic No Kumaraswamy et al., 

2005 

Acidovorax sp. strain 
BoFeN1 

facultative 
anaerobe 

Organics/ Fe2+ NO3
- 6.80 30 mixotrophic Unclear Kappler et al., 2005 

Ferroglobus placidus obligate 
anaerobe 

Fe2+/H2/S
2- NO3

- 7.00 85 autotrophic Yes Hafenbradl et al., 1995 

Azospira sp. strain 
PS 

facultative 
anaerobe 

Fe2+/humic acids NO3
-/ClO4

- 7.00 26 mixotrophic No Lack et al., 2002; 
Byrne-Bailey & 
Coates, 2012 

Acidovorax sp. strain 
BrG1 

facultative 
anaerobe 

Organics/ Fe2+ NO3
- 6.70 28-35 heterotrophic No Straub et al., 1996; 

Straub et al., 2004 

Aquabacterium sp. 
strain BrG2 

facultative 
anaerobe 

Organics/ Fe2+ NO3
- 6.40.-6.70 28 heterotrophic Unclear Straub et al., 1996; 

Straub et al., 2004 

Thermomonas sp. 
strain BrG3 

facultative 
anaerobe 

Organics/ Fe2+ NO3
- 6.70 32-35 heterotrophic No Straub et al., 1996; 

Straub et al., 2004 

Klebsiella mobilis facultative 
aerobe 

Organics NO3
- 7.00 30 heterotrophic No (Etique et al., 2014) 
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1.4.1 Feasibility of NDFO on early Mars 

The relevance of NDFO as a plausible metabolism for putative life on Mars had, until 

recently, been overlooked because of a lack of evidence of nitrogen species , although the 

theoretical possibility of NDFO was explored using numerical modelling with hypothetical 

nitrate sources (Jepsen et al., 2007). The newly-detected availability of nitrates (Stern et 

al., 2015) helps to close the ‘loop’ of potential chemotrophic Fe cycling on Mars (Figure 

1.5), since it could provide a ready source of electron acceptors for NDFO organisms 

(Figure 1.9). It should be noted that the highest nitrate concentrations (1,100 ppm) 

determined by Curiosity at Gale crater were present in sedimentary rocks with the most 

limited evidence of subsequent alteration, suggesting a period of nitrate production during 

sediment deposition followed by variable leaching of sediments and nitrate loss (Stern et 

al., 2015). 

The modern martian atmosphere is 95.9 % CO2 (Mahaffy et al., 2013), and CO2 is likely to 

have also formed a major proportion of the denser early Mars atmosphere (Ramirez et al., 

2014; Jakosky et al., 2017; Kurokawa et al., 2018) (Figure 1.10). Microbes that can utilise 

inorganic atmospheric carbon would therefore hold an advantage in the Mars environment. 

Although a low energy-yielding metabolism, some species (Pseudogulbenkiania sp. strain 

2002 and the hyperthermophilic archaeon Ferroglobus placidus) have been found to fix 

carbon autotrophically from CO2  and other inorganic sources during growth by NDFO 

(Hafenbradl et al., 1996; Weber et al., 2006b; Weber et al., 2009), providing an alternative 

carbon assimilatory capability relevant for the early and current Mars environments. 

Further, although nitrate reduction can be coupled to anaerobic oxidation of methane 

(Raghoebarsing et al., 2006; Ettwig et al., 2008), the ability of NDFO strains to use C1 

organic compounds as carbon sources has not been investigated. This could prove an 

important capability when considering the martian environment, given the, as yet  
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Figure 1.9. Overview of potential redox substrate sources for nitrate-dependent Fe2+-oxidising 

microorganisms in the early Mars environment. Nitrates are produced from an atmospheric nitrogen reservoir 

by fixation from volcanic lightning (Stern et al., 2015), thermal shock during impacts (Summers and Khare, 

2007) and irradiation from solar and cosmic sources (Smith et al., 2014). Reduced Fe2+ is released into 

aqueous environments by mineral dissolution, a process accentuated by hydrothermal activity (Emerson and 

Moyer, 2002; McSween et al., 2009). A fuller description of abiotic nitrogen fixation pathways is available in 

Summers et al. (2012). 

unexplained and variable, detections of methane in the modern atmosphere (Formisano et 

al., 2004; Webster et al., 2015; Webster et al., 2018; Korablev et al., 2019), and should be 

investigated further. Most NDFOs are heterotrophic and require an organic carbon source 

(Chaudhuri et al., 2001; Kappler et al., 2005; Muehe et al., 2009). Organic carbon has been 

reported on the martian surface and in martian meteorites (Sephton et al., 2002; Steele et 

al., 2012b; Ming et al., 2014; Eigenbrode et al., 2018).  This may be endogenous  (Steele et 

al., 2012a) or have been delivered into the martian crust by meteoritic input (~2.4 × 10 5 kg 

yr-1 (Yen et al., 2006)) (Figure 1.10). Sutter et al. (2016) calculated that < 1 % of the total 

carbon detected in sedimentary rocks at Gale Crater would have been sufficient to support 

105  
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Figure 1.10. Summary of proposed processes in carbon cycling on early Mars. Atmospheric carbon dioxide is 

sequestered by basalts to form carbonate minerals (Edwards and Ehlmann, 2015). The carbon is then 

remobilised by hydrothermal fluids and incorporated into simple organic compounds, such as methane, by 

serpentinisation reactions (Chassefière and Leblanc, 2011). Carbon dioxide is gradually lost to space due to 

erosion of the atmosphere by solar winds. Meteorites are also likely to have delivered an inventory of organic 

carbon to the surface and sub-surface of Mars (Yen et al., 2006). 

cells g-1 sediment if present as biologically available organics in the earlier lacustrine 

environment, and hence could well have sustained heterotrophic NDFOs.  

Aside from metabolic requirements, life also needs an environment which falls within 

other sets of physical parameters that are conducive to life, which means protecting it from 

the radiation environment of the martian surface. In contrast to phototrophic Fe-oxidisers, 

NDFO could have occurred in near-surface ground waters (Straub et al., 1996), which 

would have protected the microorganisms even if the surface radiation of early Mars was 

as intense as it is today (Dartnell et al., 2007b). In the deep sub-surface, neutral-alkaline, 

Fe2+-rich ground waters could have persisted long after the evaporation of most surface 

bodies (Michalski et al., 2013), greatly extending the period across which NDFO could 

have been viable, possibly to the present day. In addition, cell encrustation by iron 
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minerals may have protected them against UV irradiation at the near-unattenuated levels 

proposed on the early Earth (Gauger et al., 2016), which are comparable to the present flux 

on Mars (Cockell and Raven, 2004). 

Although the modern martian surface environment is oxidising due to irradiation, even 

modest levels of volcanism over the last 3.5 billion years are likely to have produced CO2 

at levels that contributed to periodically reducing conditions (Sholes et al., 2017), 

favouring NDFO by limiting abiotic Fe2+ oxidation. However, there has also been a 

suggestion that certain locations on the ancient surface (>3.5 billion years ago) were, at one 

point, oxidising (Lanza et al., 2016). In practical terms, oxidising atmospheric conditions 

and potential redox stratified water bodies, such as the palaeolake at Gale crater (Hurowitz 

et al., 2017) would not preclude the viability of NDFO, but merely restrict it to anoxic 

sediment and water layers, as is the case on Earth. 

1.4.1 Biomineralisation and preservation in the rock record  

Under Fe2+-rich (>5 mM) conditions, a major limiting factor for the growth of NDFO 

populations is the progressive encrustation of the periplasm and outer membrane by 

insoluble Fe3+-compounds (Figure 1.11), resulting in a decline in individual metabolic 

activity and cell death (Miot et al., 2015).  Even the lithoautotrophic Pseudogulbenkiania 

sp. strain 2002 shows evidence of encrustation after batch culture (Klueglein et al., 2014) 

(Figure 1.11C). Although the mechanisms behind this remain unexplained, various 

extracellular Fe3+-mineral precipitates also form as by-products of NDFO metabolism, 

either due to the interaction of released Fe3+ ions with dissolved phosphate, sulfate and 

carbonate ions, or by oxidation of extracellular Fe2+-bearing minerals (Miot et al., 2009b). 

Persistence of a low proportion of cells that escape encrustation ensures the viability of  
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Figure 1.11. (A) Transmission electron microscopy image of an Fe-encrusted cell from an NDFO enrichment 

culture from the anoxic layer of the ferruginous Lake Pavin, France (Jennyfer Miot, personal 

communication). (B) TEM of Acidovorax sp. BoFeN1 cells fully, partially and non-encrusted with goethite 

(from Miot et al. (2015)). (C) SEM of encrusted Pseudogulbenkiania sp. 2002 cells (from Klueglein et al. 

(2014)) (scale bar = 500 nm). 

NDFO microorganisms at the population scale, thus accounting for their occurrence in 

ferruginous habitats on modern Earth (Miot et al., 2016). The membrane-associated and 

extracellular mineral precipitates associated with NDFO metabolism may also present 

plausible biosignatures that may be detectable by future life detection missions, provided 

they persist over geological time. In particular, periplasmic encrustation leads to mineral 

shells that entrap protein globules and which display a constant thickness (around 40 nm) 

A                                B 

 

 

 

 

C 
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(Miot et al., 2011). The minerals formed have been shown to be dependent on both the 

local chemical composition and the pH environment. Acidovorax sp. strain BoFeN1, one of 

the best studied NDFO species, has been found to produce either lepidocrocite (γ -

FeO(OH)) at pH 7 (Miot et al., 2014b) or a mixture of lepidocrocite and magnetite (Fe3O4) 

at pH 7.6 (Miot et al., 2014a). Likewise, changing the chemical composition of the culture 

medium at pH 7 results in the precipitation of either Fe3+-phosphates (Miot et al., 2009), 

goethite (α-FeO(OH)) (Kappler et al., 2005; Schädler et al., 2009), or green rust (mixed 

Fe2+/Fe3+ hydroxides) (Pantke et al., 2012).  

It is also becoming apparent that encrustation is less likely in environments with low Fe2+ 

concentrations (50-250 µM), i.e., conditions more representative of many terrestrial 

environments in which NDFO is prevalent (Chakraborty et al., 2011). Encrustation may 

occur only when solutions become highly concentrated (millimolar) with Fe2+ ions, as 

could have occurred on Mars in hydrothermal and stratified lake settings (Hurowitz et al., 

2017) or in evaporitic environments during the desiccation of the surface (Tosca and 

McLennan, 2009). Oxide-encrusted cells in both contexts could have been deposited and 

preserved during sedimentation (Fig. 4). If deposited and lithified as macroscopic flocs or 

bands within an otherwise generally reducing sedimentary geological context, these 

oxidised mineral features may be visible in exposed strata and would serve as prime initial 

targets for further astrobiological investigation.  

Alternative mineralisation processes such as pyritisation (saturation and replacement of 

biological structures with FeS2) or silicification (saturation and replacement of biological 

structures with silica) could also contribute to nonspecific morphological preservation of 

microbes in Fe- and sulfur-rich, predominantly basaltic, early martian environments. 

Microbial silicification has been observed on Earth in situ and in vivo around hot springs 
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and under simulated conditions as well as in the fossil record (Toporski et al., 2002a; 

Konhauser et al., 2004) whereas microbial pyritisation is recognised only in the context of 

microfossils (Schieber, 2002; Wacey et al., 2013). Given the ability of microbial 

communities to thrive in conditions which encourage geologically rapid mineralisation of 

biological material over days, these processes should not be viewed as prohibitive to 

microbial life on early Mars and are beneficial to the search for any traces of early life. 

Formation of organo-ferric complexes have also been demonstrated to facilitate the 

preservation of organic molecules in soils and sediment over geological timescales on 

Earth (Lalonde et al., 2012), raising the possibility that encrustation of NDFO cells by 

Fe3+-bearing minerals and subsequent complexation may be beneficial to the preservation 

of organic biosignatures. At the same time, depending on the nature of encrusting minerals 

and diagenetic (T, P) conditions, association with Fe3+ minerals may enhance the thermal 

maturation of organic matter and partly degrade organic biosignatures (Miot et al. in 

revision).  

It may be possible for the Mars Organics Molecule Analyser (MOMA) and Raman Laser 

Spectrometer (RLS) aboard the ESA ExoMars Rosalind Franklin rover, to detect biogenic 

organic molecules co-located with Fe3+ minerals in Fe-rich drill samples and laser targets 

respectively (Lopez-Reyes et al., 2013; Goetz et al., 2016). However, these instruments are 

not specific enough to distinguish evidence of NDFO microbes from other potentially 

biological material encrusted in Fe minerals (e.g., Kish et al., 2016; Mirvaux et al., 2016).   

Specific evidence of NDFO metabolism in the geological record on Earth or Mars may, 

however, come from isotopes. NDFOs have been shown to produce distinctive 56Fe/54Fe 

fractionation patterns, discernible from other processes (Kappler et al., 2010). These 

variations may be detected, for example in returned samples, using isotope ratio mass 
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spectrometry (Anand et al., 2006; Czaja et al., 2013). The preservation of isotopic 

anomalies in martian sediments could provide detectable supporting evidence of NDFO on 

early Mars. 

1.4.2 Summary of NDFO as a Mars metabolism 

NDFO microorganisms oxidise Fe2+ compounds while also reducing nitrates under 

anaerobic, circumneutral conditions. These environments are proposed to have existed on 

Mars, providing the electron donors and acceptors required for NDFO metabolism.  This 

implies that NDFO is a feasible and logical avenue for investigating hypothetical early 

martian life.  

The discovery of nitrates establishes NDFO as a viable mechanism for hypothetical, 

biological Fe2+ oxidation on present-day Mars. NDFO could help to close a chemotrophic 

‘loop’ of biogeochemical Fe cycling on Mars, by providing a potential mechanism for Fe 2+ 

oxidation, and allowing chemotrophic Fe cycling to occur in both circumneutral ancient 

surface waters and deep sub-surface waters throughout martian history.   
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1.5 Thesis objectives and outline 

To test the validity of this overarching hypothesis, that NDFO provides an avenue for 

microbial metabolism in early martian environments, different aspects of the feasibility of 

NDFO metabolism in early Mars environments have been investigated and answered 

experimentally, including:  

- The ability of NDFO strains to utilise Fe2+ for growth from a Mars-relevant mineral 

substrate  

- The capability of NDFO strains to metabolise and grow under simulated chemical 

conditions of ancient martian fluids 

- The extent of biomineralisation processes associated with NDFO growth in the 

above conditions as a formation mechanism for morphological biomarkers 

- The underlying mechanisms of NDFO energy metabolism and therefore the 

feasibility for NDFO-based primary production to drive an early martian biosphere 

Chapter 2 presents an investigation into whether multiple NDFO strains can grow 

autotrophically using a solid olivine Fe2+ substrate, representative of one of the main Fe2+-

carriers in unaltered martian magmatic rocks.  The study determines the suitability of these 

microorganisms to metabolise Fe2+ from crystalline sources abundant on Mars and whether 

biomineralised structures form upon desiccation which may act as morphological 

biosignatures.  

Chapter 3 builds on this, presenting an evaluation of whether these strains are resistant to 

the chemical environments of early Mars. This is tested through growth experiments using 

media with compositions based on fluids evolved from aqueous alteration of different 

martian geological contexts, as established by thermochemical modelling.  
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In order to move our understanding beyond the survival of particular strains under martian 

conditions, we need to understand whether this process could ever have driven a martian 

biosphere, and so Chapter 4 investigates the underlying mechanism of NDFO, presenting 

draft genome sequencing of two strains and analysis of available NDFO genomes to allow 

for hypothetical mechanisms of electron acquisition in NDFO based on dedicated 

enzymatic pathways to be investigated. It also describes a knockout mutant study 

undertaken to quantify the relative contributions of the respiratory nitrate reductase 

enzyme and nitrite ions to the Fe2+ oxidation witnessed in NDFO.  

Finally, Chapter 5 summarizes how the outcomes of these experiments taken together 

advance our understanding of NDFO as a process on Earth, as a hypothetical driver of life 

on early Mars and as a formation mechanism of morphological biosignatures which will 

inform target selection for future life detection missions.  
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2. Growth of NDFO bacteria on olivine 
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2.1 Introduction 

Fe is a key driver of microbial metabolisms in diverse and widespread environments on 

Earth, acting as both an electron donor for Fe-oxidisers and an electron acceptor for Fe-

reducers (Lovley et al., 2004; Hedrich et al., 2011). This flexibility to perform as both an 

electron donor and acceptor is owing to the existence of both the reduced (Fe 2+) and 

oxidised (Fe3+) redox states. The reduced Fe2+ state provides a source of electrons for 

aerobic Fe-oxidising microorganisms in acidic, oxygenated and neutral and  microoxic 

conditions (Emerson and Moyer, 2002; Amils et al., 2011) whereas abiotic oxidation is 

limited by the concentration of available oxygen. Circumneutral, anaerobic conditions 

provide niches for both anoxygenic phototrophs and nitrate-reducers to utilise Fe2+ as an 

electron donor in the relative absence of competing oxidation from elemental oxygen 

(Widdel et al., 1993; Weber et al., 2006a).   

It has been proposed that the properties of dominant minerals and rocks can affect both the 

extent of microbial colonisation and community composition, a so-called “mineralosphere” 

effect (Uroz et al., 2015). Thus, any early martian biosphere would be shaped by the 

geological properties of the planet. Mars’ surface is dominated by Fe-rich basaltic material 

with Fe2+ present in olivine ((Fe2+Mg)2SiO4; mainly forsterite, Fo64, for example at Gale 

Crater (Bish et al., 2013)) and other minerals such as pyrite (FeS2) (Ehlmann and Edwards, 

2014). The interaction of Fe-bearing minerals with circumneutral fluids of low ionic 

strength, such as those proposed for Gale Crater (Bristow et al., 2015), leads to mineral 

dissolution and the liberation of Fe2+ into the aqueous environment, where it is more 

readily available for utilisation by microbes (Santelli et al., 2001). Evidence of 

circumneutral fluids in temperate fluvial and lacustrine systems suggest that abiotic 

dissolution would have been widespread during the hydrologically-active Noachian (4.1-

3.7 Ga) and early Hesperian (3.7-3.1 Ga) periods of early martian history (Hartmann and 
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Neukum, 2001). Given the necessity of free liquid water as a solvent for all known 

biochemical processes, Mars was most conducive to the development of life as we 

understand it at this time (McLennan et al., 2014; Grotzinger et al., 2015; Westall et al., 

2015; Davis et al., 2016).  Though the ability of oxygen-respiring microorganisms to utilise 

olivine-derived Fe at pH 7 has been documented (Popa et al., 2012), the low solubility of 

olivine under neutral conditions (Wogelius and Walther, 1991) raises a serious question as 

to whether simple abiotic dissolution could provide a sufficient concentration of Fe 2+ ions 

to sustain microbial growth, for example, that of anaerobic neutrophilic Fe-oxidisers. To 

this end, it is necessary to conduct experiments to verify the capability of microbes to 

subsist on low Fe2+quantities in solution in order to demonstrate the applicability of Fe 

oxidation metabolisms to circumneutral martian environments.  

The primary oxidant for microbial Fe2+ oxidation - molecular oxygen - is a trace gas in the 

modern martian atmosphere and is unlikely to have ever been a major component 

(Mahaffy et al., 2013). In the near-absence of molecular oxygen, an alternative electron 

acceptor would be required. Nitrates are one plausible alternative. The abundance and 

speciation of nitrogen on Mars has been poorly constrained, but in-situ analysis by the 

Mars Science Laboratory (MSL) Curiosity rover has found nitrate to be present in both 

modern and ancient martian geology at Gale Crater (Stern et al., 2015). Nitrate is the only 

acceptor, besides molecular oxygen, known to be coupled to chemotrophic microbial 

growth by Fe2+ oxidation on Earth (Hafenbradl et al., 1996; Straub et al., 1996). Microbial 

perchlorate (ClO4
-) reduction has also been shown to be associated with Fe2+ oxidation, but 

there is no evidence of Fe2+ oxidation driving active growth in perchlorate-reducing 

organisms (Bruce et al., 1999).  

Biosynthesis refers to the production of complex molecules by living organisms from 

various substrates. Microbial Fe2+ oxidation metabolisms can be either heterotrophic 
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(requiring organic carbon for biosynthesis) or autotrophic (able to use inorganic carbon for 

biosynthesis) and there is evidence for both inorganic and organic carbon on the surface of 

Mars.  Organic carbon has been detected in martian meteorites and on the surface of Mars 

(Sephton et al., 2002; Ming et al., 2006; Steele et al., 2012b), for example, within 

mudstones in the Murray formation at Pahrump Hills, Gale crater analysed by the Curiosity 

rover (Eigenbrode et al., 2018). In addition, seasonal peaks of atmospheric methane have 

recently been described at Gale Crater, adding a gaseous source to the suite of available 

organics in the modern martian environment (Webster et al., 2018).  Furthermore, 

carbonates have been detected from orbit, by in-situ measurements, and in martian 

meteorites (Bridges and Grady, 2000; Ehlmann et al., 2008b; Boynton et al., 2009; Morris 

et al., 2010; Wray et al., 2016).  CO2 represents another important carbon source on Mars, 

constituting 95.9 % of the modern atmosphere (Mahaffy et al., 2013), and likely formed a 

major component of the early atmosphere (Ramirez et al., 2014; Jakosky et al., 2017). 

Carbonates are also present, though the global extent is a subject of debate (Morris et al., 

2010; Wray et al., 2016). Although some nitrate-dependent Fe2+ oxidising (NDFO) 

microorganisms are heterotrophic or mixotrophic, two species (Ferroglobus placidus and 

Pseudogulbenkiania sp. strain 2002) have previously been demonstrated to grow 

autotrophically using CO2 as a carbon source (Hafenbradl et al., 1996; Weber et al., 

2006b). 

On Earth, NDFO microbes inhabit a plethora of niches including seafloor hydrothermal 

vent systems, anoxic marine and freshwaters and anaerobic sediments (Hafenbradl et al., 

1996; Straub et al., 1996; Benz et al., 1998; Straub and Buchholz-Cleven, 1998). The 

common features of all these environments are the availability of reduced Fe2+ species, the 

absence of molecular oxygen and the presence of nitrates.  Given the presence of these 

features on Mars (McSween et al., 2009; Mahaffy et al., 2013; Stern et al., 2017), NDFO 
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metabolism could hypothetically have occurred on the early martian surface, but this must 

be assessed experimentally to add credence to such claims.   

This Chapter explores the hypothesis that Fe2+ bearing minerals akin to those available on 

early Mars could provide sufficient Fe2+ to drive NDFO metabolism under anaerobic 

conditions. To address this hypothesis, the following objectives are addressed: 

- To determine whether NDFO-capable microorganisms can grow under anoxic, 

autotrophic conditions relevant to early Mars, with olivine as the sole Fe2+ source. 

- To correlate the depletion of dissolved Fe2+ and nitrate to any observed growth 

- To assess the potential production of biogenic morphological features on mineral 

surfaces following culturing with NDFO microorganisms, which may serve as 

biosignatures in a martian context. 

2.2 Methods 

2.2.1 Microorganisms 

Four NDFO strains: Pseudogulbenkiania sp. strain 2002 (DSM-18807), Paracoccus sp. 

strain KS1 (DSM-11072), Thiobacillus denitrificans (DSM-12475) and Acidovorax sp. 

strain BoFeN1 were used in this Chapter. The isolates were purchased from the DSMZ 

(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH) culture collection in 

Leibniz, Germany, with the exception of Acidovorax sp. strain BoFeN1, which was gifted 

by Jennyfer Miot at IMPMC (Institut de Minéralogie, de Physique des Matériaux et de 

Cosmochimie) in Paris, France.  

The four strains represent the diverse range of metabolic and environmental requirements 

for NDFO microorganisms. This includes a mix of obligate and facultative anaerobes, with 

autotrophy, heterotrophy or mixotrophy capability, which are listed in Table 2.1. 
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Table 2.1. Basic metabolic information for four nitrate-dependent Fe2+ oxidising microorganisms. 

Isolate Respiration e- donor e- acceptor Optimum pH Optimum 

temperature 

(°C) 

Metabolism Lithoautotrophic 

NDFO Growth 

Reference 

Thiobacillus 

denitrificans 

obligate anaerobe S-species/Fe2+ NO3
- 6.90 30 autotrophic unclear (Straub et al., 

1996) 

Pseudogulbenkiania 

sp. strain 2002 

facultative aerobe Fe2+ NO3
- 6.75-8.00 37 autotrophic yes (Weber et al., 

2006b) 

Paracoccus sp. 

strain KS1 

facultative aerobe Organics/S/Fe2+ NO3
- 7.00 37 heterotrophic no (Kumaraswamy 

et al., 2006) 

Acidovorax sp. 

strain BoFeN1 

facultative aerobe Organics/Fe2+ NO3
- 6.80 30 mixotrophic unclear (Kappler et al., 

2005) 
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2.2.2 Anaerobic culturing technique 

The modern martian atmosphere is predominantly anaerobic; the concentration of free 

oxygen is only 0.145 % and it is mainly (96.0 %) CO2 (Mahaffy et al., 2013). Therefore, all 

the isolates listed in Table 2.1 were grown under anaerobic conditions throughout this 

study.  

2.2.2.1 Gas flushing 

To ensure anaerobic conditions, all media preparation was conducted under a continuous 

flow of O2-scrubbed N2 gas, which was used to prevent intrusion of oxygen with needles 

for inflow and escape of gas through the septum (Figure 2.1). All subsequent media 

manipulation, including dispensing into Wheaton bottles and inoculation, were performed 

in a COY anaerobic glove box under an 85:10:5 N2:CO2:H2 atmosphere, with a palladium 

catalyst, to maintain anaerobic conditions. 

 

Figure 2.1. Gas supply (top) and mixing apparatus (right) were used to provide anaerobic conditions in media 

preparation and culturing. Bottles were gas-flushed via sterile-filtered needles. 
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2.2.2.2 Anaerobic media preparation 

Anaerobic media was prepared by heating 800 mL of distilled water in a microwave for 2 

minutes until boiling, followed by purging with N2 gas for 10 minutes. The resultant 

deoxygenated water was transferred to a water bath to cool under constant flow of N2 gas. 

Once cool, the redox indicator Resazurin (Dien et al., 2000) was added in order to monitor 

the redox potential throughout the experiment and ensure that anaerobic conditions were 

employed. Under oxygenated conditions, Resazurin is light blue, changing to pink and then 

to colourless as partially oxygenated and anaerobic conditions are reached, respectively. 

Other media components were added subsequently, either as powders or as filter-sterilised, 

deoxygenated solutions. 

2.2.2.3 Growth media 

Nutrient medium was used for routine growth of Pseudogulbenkiania sp. strain 2002, 

Paracoccus sp. strain KS1 and Acidovorax sp. strain BoFeN1. The medium (L-1: 5.0 g of 

peptone, 3.0 g of meat extract, 5.0 g of Na2S2O3.5H2O) was prepared under anaerobic 

conditions, as described in Section 2.2.2.2. In solution, Na2S2O3.5H2O dissociates to 

produce S2O3
2- ions, which acts as a reducing agent. 

Thiobacillus denitrificans was grown in S-8 medium, prepared as in Section 2.2.2.2 that 

consisted of the following (L-l): 2.0 g of KH2PO4, 2.0 g of KNO3, 1.0 g of NH4Cl, 0.8 g of 

MgSO4.7H2O, 5.0 g of Na2S2O3.5H2O, 1.0 g of NaHCO3, 2.0 mg of FeSO4.7H2O, 1.0 mL 

of 1N H2SO4 L-1, 2.0 mL of trace element solution SL-4 (as described in Appendix A).  

The media were prepared in 1 L Schott bottles under continuous N2-flushing and altered to 

pH 7 by the addition of 0.1 M NaOH and 0.1 M HCl (Figure 2.1). The media were sealed 

with butyl rubber stoppers with screw-caps, using the Hungate technique (Hungate, 1950), 

then flushed with filter-sterilised N2 gas. After autoclaving at 121 °C for 15 minutes, 50 
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mL aliquots of the medium were dispensed into autoclaved 125 mL Wheaton bottles under 

an 85:10:5 N2:CO2:H2 atmosphere in the  anaerobic chamber. The bottles were sealed with 

butyl stoppers and aluminium crimped caps. The Wheaton bottles had been acid washed 

with 3 % HNO3, rinsed with milliQ water, and autoclaved prior to filling.  The sealed, 

media-filled Wheaton bottles were then removed from the anaerobic chamber and each 

flushed with a 90:10 N2:CO2 (1 bar) headspace via the 70% ethanol-wiped septum using a 

0.2 µm-filtered sterile gas inflow line with an oxygen trap and needles to allow escape of 

excess pressure. 

2.2.2.4 Inoculation  

For routine growth, the medium was inoculated with 100 µL of culture. For this, a 

sterilised N2-flushed syringe with a 1.1 µm gauge needle via the butyl rubber septum was 

used. The septum was sterilised by applying and igniting 70 % ethanol solution on it, 

before inserting the needle. Once inoculated, the Acidovorax sp. strain BoFeN1 and T. 

denitrificans cultures were incubated at 30 °C, and the strain Paracoccus sp. strain KS1 

and Pseudogulbenkiania sp. strain 2002 cultures were incubated at 37 °C. 

2.2.3 Experimental set up  

2.2.3.1 Minimal medium 

A minimal medium was developed to promote NDFO metabolism over alternative 

pathways, based on the work of Emerson and Floyd (2005). This medium had been used in 

previous NDFO substrate experiments, which allowed comparison with other, similar 

studies (Miot et al., 2016; Tominski et al., 2018). 

The minimal media (L-1: 0.3 g of NH4Cl, 0.4 g of MgCl2.6H2O, 0.1 g of CaCl2.2H2O, 0.6 g 

of K2HPO4, 50 mg of MgSO4, 30 mL of  1 M NaHCO3, 4 mL of 1 M NaNO3) was 
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prepared using the anaerobic technique described in Section 2.2.2.2, with the NH4Cl, 

MgCl2.6H2O, CaCl2.2H2O, K2HPO4 and MgSO4 components added prior to autoclaving at 

121 °C for 15 minutes. After cooling, 30 mL L-1 of sterile, 0.2 µm-filtered, anoxic 1 M 

NaHCO3 solution and 4 mL L-1 of an anoxic 1 M NaNO3 solution were added in the 

anaerobic chamber to achieve final concentrations of 30 mM bicarbonate and 4 mM nitrate 

in the medium. The medium was altered to pH 7 using 0.1 M HCL or 0.1 M NaOH. No 

organic carbon source was added to the medium. Instead, carbon was supplied as CO2 gas 

and the bicarbonate buffer, which selected for autotrophic growth. 

2.2.3.2 Olivine substrate characterisation 

As a dominant primary mineral in many locations on Mars (McSween et al., 2009), olivine 

is an important potential Fe2+ source for putative NDFO microorganisms. Therefore, it was 

selected as a relevant Fe2+-bearing mineral substrate for this analogue experiment. The 

olivine-rich rock, which was available partly as a coherent sample and partly granular 

material (Figure 2.2A), was originally sourced from the Upper Loire region of France and 

purchased from Richard Tayler Minerals. The elemental composition of the olivine was 

determined by Electron Probe Micro-Analysis (EPMA; Cameca SX 100 microprobe). 

Standard silicate analysis conditions were used (column conditions: 20 keV, 20 nA; beam 

size: 10 µm). 

For the experiment, the mineral substrate was prepared by first crushing the coarse 

granules to 0.5-1 mm grain size using a TEMA rock crusher and then sieving using 1 mm 

and 0.5 mm sieves to select for 0.5-1 mm diameter grains. The powdered olivine was 

added to 50 ml of acetone and sonicated for 15 minutes. This process was repeated before 

rinsing the sample with deionised water and desiccating the powder at 50 °C for 48 hours. 

Given that the average predicted Fe2+/Fe2+Mg content of martian olivine is predicted to be 
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higher than terrestrial olivine (McSween et al., 2009; Bish et al., 2013), a small grain size 

was chosen (hence a large surface area) to facilitate the dissolution of the Fe 2+. 

Grains were set in an epoxy resin and polished using the Metprep Saphir 520 polishing 

machine (this was carried out by Michelle Higgins at the Open University). The mount was 

carbon-coated before analysis, to prevent charging of mineral surfaces.  

A sample of 96 grains were analysed by EMPA (five measurements taken per grain) to 

obtain major element data, including the FeO:MgO ratio. This identified that 74 % of the 

grains analysed (Table A C.2) were olivine with a forsterite value of Fo84. The olivine 

substrate is therefore compositionally Fe-poor relative to olivine at Gale Crater, Mars (Bish 

et al., 2013).  

 

Figure 2.2. Olivine used as the Fe2+ substrate in growth experiments. (A) Fine (~1 mm) grains (top left), 

coarse (~5 mm) granules (right) and main rock sample (bottom left) were processed into (B) a >1 mm 

powder substrate (right) and 1 cm 3 cubes (left). 

In addition, ~1 cm3 cubes of olivine were prepared, which were added to some of the 

cultures to ascertain any morphological or mineralogical changes that occurred to the 

olivine during the experiment. Cubes were cut with an agate and general trimsaw from the 

main olivine sample (seen in Figure 2.2A).  One of the surfaces was polished using 

Metprep Cameo fixed abrasive grinding laps (carried out by Michelle Higgins at the Open 

A                                                              B 
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University) (Figure 2.2B). To remove any organic carbon associated with the surface of the 

mineral, the cubes were sonicated for 15 minutes in acetone, followed by 15 minutes of 

sonication in deionised water. The cubes were autoclaved at 121 °C for 15 minutes and 

desiccated in a drying oven at 50 ℃ overnight. Under anaerobic conditions, one olivine 

cube was added to a single bottle of each of the triplicate culture series which correspond 

to each microorganism and the control. Cubes were analysed using Scanning Electron 

Microscopy (SEM) (as described in Section 2.2.7) before the experiment, to identify pre-

existing features with potentially biogenic appearance which may confound later 

observations and conclusions. 

2.2.3.3 Batch cultures 

Batch cultures were prepared in sterilised 125 mL Wheaton bottles. Each bottle contained 

5 g of powdered olivine substrate (Section 2.2.3.2) and 50 mL of minimal medium. The 

medium was dispensed into the Wheaton bottles in the anaerobic chamber under a 85:10:5 

N2:CO2:H2 atmosphere. 

Samples (1 mL) of growth cultures were washed twice by centrifugation at 3000 × g for 10 

min under anaerobic conditions to prepare the inoculum. The supernatant was removed, 

and the pellet was resuspended in 1 ml of minimal media. Cell counts (Section 2.2.4) were 

used to estimate the viable number of cells in the inoculum. 

For each strain, cultures were conducted in triplicate and inoculated to an initial 

concentration of 105 cells mL-1. The media was inoculated, and the cultures were sealed 

with a sterile butyl stopper and aluminium crimp, before being removed from the chamber. 

The headspace was flushed with a filter sterilised 90:10 N2:CO2 gas mix via the septa using 

sterile syringe needles, and overpressurised to 1.5 bar to prevent intrusion of oxygen. The 
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microorganisms and abiotic control series were incubated at 21 °C in the dark for the 

duration of the experiment. 

2.2.4 Cell enumeration 

A BacLight Bacterial viability kit (Invitrogen) was used to determine viable cell numbers 

by assessing membrane integrity. This method uses a SYTO 9 green fluorescent nucleic 

acid stain and propidium iodide (which acts as a red fluorescent nucleic acid stain). SYTO 

9 penetrates both live and dead bacteria, while propidium iodide is only able to pass 

through the membranes of damaged cells. A secondary characteristic of propidium iodide 

is that it reduces the fluorescence of the SYTO 9 stain when both are present. This  results 

in damaged and/or dead cells fluorescing red while live cells fluoresce green (Figure 2.3). 

From this, the viable cell density can be calculated from the mean viable cell count, field of 

view and volume of sample contained between the glass microscope slide and cover slip.  

One confounding factor was the autofluorescence of microscopic olivine grains; however, 

the clear differences in their size (>10 µm for grains vs <2 µm for cells) and morphology 

(angular, textured grains vs rounded, uniform cells) allowed these to be differentiated from 

cells. 
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Figure 2.3. Micrograph at x100 magnification of a Live/Dead-stained Thiobacillus denitrificans culture. 

Intact cells fluoresce green (white arrows) while damaged cells fluoresce red. 

 

To monitor growth, 100 µL of culture was aseptically removed using a N2-flushed syringe 

through the rubber septum of the bottle, and dispensed into a sterile, 1.5 mL eppendorf 

tube. Each sample was mixed with 1 µL of a 1:1 mixture of Component A (SYTO 9 dye 

(1.67 mM), Propidium iodide (1.67 mM) solution in DMSO) and Component B (SYTO 9 

dye (1.67 mM), Propidium iodide (18.3 mM) solution in DMSO) and incubated in the dark 

for 20 min. Following incubation, 5 µL aliquots of the sample were pipetted onto a sterile 

glass microscope slide (3 per slide) and a cover slip was added to each.  The slides were 

observed under UV light using a Leica fluorescence microscope at 100 (oil-immersed) 

magnification. Data from ten fields of view were collected from across each slide and cells  

density calculated using equation (1). 

10 µm 
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Maximum specific growth rates were calculated from the cell counts made during the 

exponential growth phases of the microorganisms in culture, using equation (2). 

2.2.5 Protein concentration 

To support the cell count data, protein concentration was monitored as a proxy for 

accumulation of biomass and thus microbial growth. Aliquots were aseptically removed 

anaerobically throughout the experiment, as described previously in Section 2.2.4, and 

analysed using the Bradford colourimetric assay (Bradford, 1976). 

To lyse the cells, 500 µL of culture was centrifuged at 15,900 × g for 30 min and the pellet 

were resuspended in 500 µL of 0.1 M NaOH, which was then heated to 60 ℃ for 6 min. 

The Bradford reagent solution (Coomassie Brilliant Blue G-250 dye, Sigma) was added to 

the sample in a 1:1 volume ratio (250 µL + 250 µL). The mixture was dispensed into a 

clear 1 mL cuvette and after 5 min the optical density at 595 nm was measured using a 

Camspec M107 visible spectrophotometer. γ-globulin was used as the protein standard, 

with 0 to 25 µg mL-1 prepared in 0.1 M NaOH solution. Standard curves were calculated as 

shown in Appendix B.  

2.2.6 Nitrate measurement 

The concentration of nitrate ions in each of the cultures was measured post-inoculation and 

at the endpoint of the experiment using an ELIT 0821 ion selective nitrate electrode and 

ELIT 003 lithium acetate reference electrode (Nico2000) connected to a conductivity 

meter (HANNA instruments). A calibration curve was prepared with 10 µM, 100 µM, 1 

mM and 10 mM of NaNO3 dissolved in milliQ water, with the concentration plotted 

against conductivity (mV). The nitrate concentration was determined using the equation 

from the standard curve of the calibration graph (Appendix B). 
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2.2.7 Morphological analysis 

Scanning electron microscopy (SEM) was used to search for evidence of biofilm formation 

or cellular features on the olivine crystal surfaces following incubation with the selected 

microorganisms and in the abiotic controls.  After 146 days, the olivine cubes were 

aseptically removed and mounted onto aluminium stubs using carbon tape under a 85:10:5 

N2:CO2:H2 atmosphere (in the anaerobic chamber). The cubes were then desiccated, before 

being sealed in glass vials and heat-sealed in air-tight mylar pouches (Fresherpack). The 

pouches were removed from the chamber and transferred to the electron microscopy suite, 

where the mounted cubes were briefly (~30 seconds) removed from the anoxic conditions 

before being gold coated under vacuum for SEM analysis. 

The cubes were imaged and analysed under vacuum in a Zeiss Supra 55 VP Field Emission 

Gun Scanning Electron Microscope (FEG-SEM), using SE2 and Cent detectors at  100 to 

50,000 magnifications. Working distances of 4.1-10.1 mm and accelerating voltages of 3-

20 kV were used for imaging. 

Energy-dispersive X-ray spectroscopic (EDS) analysis was performed using the integrated 

Aztec Energy v3.3 system (Oxford Instruments) to provide qualitative compositional data 

for Si, Na, K, Al, P, S, Cr, Fe, Ti, Mg, Ca and Cl, allowing composition of potentially 

biogenic to be compared to the mineral background of each inoculated sample and the 

control. A working distance of 8.5 mm and an accelerating voltage of 20 kV were used for 

this analysis with spectra obtained from features of interest and the nearby mineral surface. 
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2.2.8 Ferrozine assay 

The ferrozine colourimetric assay (Stookey, 1970) allows determination of reduced and 

total Fe concentrations within the medium. This method was used unsuccessfully to 

quantify the Fe oxidation states throughout the experiment, because the Fe concentrations 

fell below the detection limits of the method. Inductively-coupled plasma mass 

spectrometry (ICP-MS) was instead used to determine dissolved Fe concentration. 

2.2.9 Inductively-coupled plasma mass spectrometry (ICP-MS) 

To measure the chemical composition – particularly relative concentrations of 56Fe and 

57Fe – of the media after the experiment, ICP-MS was used as an alternative to the 

ferrozine assay. An aliquot (9 mL) of each culture and control was extracted under 

anaerobic conditions using a N2-flushed sterile syringe at day 146. The samples were 

filtered through 0.2 µm sterile filters into 1 mL aliquots of 20 % HNO3 solution, resulting 

in 2 % final HNO3 concentration. ICP-MS was conducted using an Agilent 7500s with 

New Wave 213 laser system, by Sam Hammond at The Open University. Detection limits 

of the instrument are listed in Table 2.2.  

Table 2.2.  Detection limits for ions detected by the Agilent 7500s ICP-MS system. 

Element Detection limit (ppm) 

Na 3.21 

K 2.02 

Ca 0.14 

Si 0.033 

Mg 0.025 
56Fe 0.013 
57Fe 0.013 

Al 0.013 

Sr 0.0012 

Ba 0.0007 

Mn 0.0007 
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2.2.10 pH measurement 

pH was measured using a Thermo Scientific Orion Three Star pH probe with a two-point 

calibration using Omega Buffer solutions at pH 4 and 7 at the start and end points of the 

experiment. 

2.2.11 Statistics 

Observed differences in results between olivine substrate culture series from nitrate 

analysis, ICP-MS and viable cell counting were tested for significance using the 2-tailed 

paired Student’s t-test. This test was selected as it allows for one reference value to be 

tested against another value, where the second value may be greater or less than the 

reference. In this chapter, the test is used to differentiate between data points of the same 

type, either between two parallel series or between time points. 
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2.3 Results 

2.3.1 Growth with olivine as an Fe source 

The collective measurements and assays detailed below assess the capability of the four 

microorganisms to grow by NDFO metabolism using Fe2+ released by dissolution from the 

olivine substrate. 

2.3.1.1 Cell counts  

From a starting concentration of 105 cells ml-1, both Pseudogulbenkiania sp. strain 2002 

and Acidovorax sp. strain BoFeN1 entered the exponential growth phase immediately and 

grew to exceed 107 cells mL-1 by day 4 with specific growth rates of 4.8 and 4.3 day-1 

respectively (Figure 2.4). Strain BoFeN1 entered stationary phase at 6 x 107 cells mL-1 

after 13 days of incubation, entering a gradual death phase after 28 days to 2.5 x 10 7 cells 

mL-1 by the end of the experiment. Strain 2002 plateaued in stationary phase at 2.3 x 10 7 

cells mL-1 from day 13 onwards. Neither Paracoccus sp. strain KS1 nor Thiobacillus 

denitrificans displayed a clear exponential growth phase in the first 8 days. However, the 

strain KS1 cell density began an exponential phase at day 13, exceeding 10 7 cells mL-1 by 

day 28 and reaching a concentration of 6.7 x 107 cells mL-1 by the end of the experiment 

with a specific growth rate of 0.2 day-1 in the exponential phase. T. denitrificans 

maintained a low concentration of cells in stationary phase up to the end-point of the 

experiment. 
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Figure 2.4. Viable cell counts over time for Pseudogulbenkiania sp. strain 2002, Thiobacillus denitrificans, Paracoccus sp. strain KS1 and Acidovorax sp. strain BoFeN1. 

Error bars represent ± standard error. 
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2.3.1.2 Protein concentration in culture 

Bradford protein assays conducted on samples taken over the first 8 days of the experiment 

show an increased protein concentration in the strain BoFeN1 cultures                          

(7.72 ±0.56 µg mL-1) and strain 2002 cultures (4.26 ±0.98 µg mL-1) above the abiotic 

control (2.27 ±0.20 µg mL-1) at day 4, though only the BoFeN1 protein concentration was 

significantly greater (p<0.05) than the control at this time point (Figure 2.5). The BoFeN1 

protein concentration continued to rise to 10.46 ±1.10 µg mL-1 at day 8, whilst strain 2002 

plateaued at 3.72 ±0.17 µg mL-1 although the concentration was significantly (p<0.05) 

above the abiotic control (1.35 ±0.05 µg mL-1). No significant difference between the 

strain KS1, T. denitrificans and the control at any measured time point. 

  

Figure 2.5. Protein concentration over the first 8 days of the experiment for Pseudogulbenkiania sp. strain 

2002, Thiobacillus denitrificans, Paracoccus sp. strain KS1, Acidovorax sp. strain BoFeN1 and the control. 

Error bars represent ± standard error. 
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2.3.1.3 Nitrate depletion 

The concentration of nitrate in the growth medium at the end of experiment decreased 

relative to the starting concentration, even in the control. The control had a nitrate 

depletion of 10.2 % (±1.0 %) from the initial concentration, with a 13.6 % drop (±0.9 %) 

observed in T. denitrificans, though the difference in relative depletion was not significant 

(Figure 2.6). In strain BoFeN1 cultures, the nitrate concentration decreased by 27.9 % 

(±0.8 %), compared with a 34.8 % (±3.1 %) drop in the strain 2002 group and a 40.3 % 

(±3.8 %) reduction in the strain KS1 group. The end-point nitrate concentration in KS1, 

2002 and BoFeN1 cultures was found to be significantly lower (p<0.05) than that of T. 

denitrificans and the control groups. 
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Figure 2.6. End-point nitrate concentrations as a percentage of the initial media concentration by culture 

series, Pseudogulbenkiania sp. strain 2002 (PG 2002), Thiobacillus denitrificans (T dn), Paracoccus sp. strain 

KS1, Acidovorax sp. strain BoFeN1 (BoFeN1) and the control. Error bars represent ± standard error. 
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Figure 2.7. Inductively-coupled plasma mass spectrometry (ICP-MS) results for dissolved elemental composition at the end-point of the experiment in 

Pseudogulbenkiania sp. strain 2002, Thiobacillus denitrificans, Paracoccus sp. strain KS1, Acidovorax sp. strain BoFeN1 and the control. Error bars represent ± standard 

error. 
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2.3.1.4 End-point dissolved elemental composition 

ICP-MS analysis of the end-point media filtrate (Figure 2.7) demonstrated significant 

differences between the biotic and abiotic controls and between the strains. Importantly, 

the elements displaying the most significant differences (56Fe and 57Fe, and Mn) are known 

to be electron donors for microbial energy metabolisms (Tebo et al., 2005; Weber et al., 

2006a; Hedrich et al., 2011). 

The concentration of 56Fe was lower in all of the biotic experiments, including the non-

growing T. denitrificans culture (45±2.6 ppb) compared to the abiotic control (55.9±0.9 

ppb) (p<0.05). Strains BoFeN1 (7.8±1.5 ppb), 2002 (8.6±1.4 ppb) and KS1 (10.2±1.6 ppb) 

all had lower 56Fe than both T. denitrificans and the abiotic control (p<0.05). 

These 56Fe patterns are mirrored by the heavier 57Fe isotope, with the concentrations 

associated with the growing cultures lower than that of the abiotic control; the end-point 

57Fe concentration in the T. denitrificans cultures (46.7±2.6 ppb) was ~83 % of that in the 

abiotic control (56.6±0.9 ppb). Concentrations of 57Fe in strain BoFeN1 (9.7±1.4 ppb), 

2002 (10.8±1.4 ppb) and KS1 (12±1.6 ppb) were significantly lower (p<0.05) than both T. 

denitrificans and the control, ranging from 22-27 % of the concentration in the control. It is 

unlikely that the presence of organisms inhibits the liberation of Fe into the medium, so the 

lower concentrations of 56Fe and 57Fe compared to the control indicate that Fe is being 

removed from solution. The most likely explanation in the context of this experiment is 

that Fe2+ is being oxidised during NDFO, resulting in the precipitation of insoluble Fe3+ 

compounds, as has been described extensively in the literature (Miot et al., 2009; Schädler 

et al., 2009; Pantke et al., 2012; Miot et al., 2014a; Miot et al., 2015). 

The 57Fe/56Fe ratio varied between cultures with growing microorganisms (strains 

BoFeN1, KS1 and 2002), the T. denitrificans and control cultures. The mean 57Fe/56Fe in 
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the control cultures was 1.014 (±0.001), and 1.039 (±0.003) in T. denitrificans cultures. In 

the growing cultures, the mean 56Fe/57Fe was 1.258 (±0.052) for strain 2002, 1.231 

(±0.053) for strain BoFeN1 and 1.180 (±0.036) for strain KS1. 

Mn concentrations in the abiotic control and T. denitrificans cultures were not significantly 

different. However, there is reduced Mn concentration in strain 2002, BoFeN1 and KS1 

relative to the control (p<0.05). The Mn concentrations in these three groups are 60-70 % 

of the control and not significantly different from one another (p>0.05). 

Although Cu concentrations were similar to the Fe concentrations in their behaviour for 

each strain, only one significant result (p<0.05) was found; the end-point Cu concentration 

in the strain 2002 series was higher than in T. denitrificans. 

There was no significant differences in Mo concentrations between the inoculated groups, 

but the control group had a significantly lower concentration (p<0.05). 

2.3.2 pH 

The pH of all inoculated cultures and abiotic controls increased significantly over the 

course of the experiment (p<0.05), as shown in Table 2.3. However, there were no 

significant differences in end point pH between any series (p>0.05). 

Table 2.3. Start and end point mean pH values for inoculated culture series and abiotic control ± standard 

error of the mean). 

Series pH (start point) pH (end point) 

Pseudogulbenkiania sp. strain 2002 7.00 7.15 ± 0.041 

Thiobacillus denitrificans 7.00 7.10 ± 0.003 

Paracoccus sp. strain KS1 7.00 7.12 ± 0.003 

Acidovorax sp. strain BoFeN1 7.00 7.14 ± 0.019 

Control 7.00 7.13 0.011 
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2.3.3 Morphological features on olivine cubes 

 

Figure 2.8. Electron micrographs of an un-inoculated olivine cube prior to culture with microorganisms. 

Clockwise from top left: the whole polished face of the cube, areas of the mineral surfaces at 5,000-10,000 

magnification showing no evidence of pre-existing biogenic features. 

Prior to the experiment, no features were observed which suggested biological processes 

on the mineral surface (Figure 2.8). SEM investigation of the olivine cubes at the end-point 

of the experiment revealed numerous features that suggested microbial colonisation by 

some the test strains. Aggregations of globular features, approximately 1.5-2 µm in 

diameter, were observed to be adhered to the mineral surface after incubation with strain 

2002. These aggregations were typically composed of 50-100 globular units and covered 

by a layer of nanometre-scale dendritic features (Figure 2.9). EDS analysis was used to 

look for differences in major element composition between the globular features and the 

background mineral surface. This revealed a co-location between the globular features and 

regions with elevated carbon (Figure 2.10-Figure 2.12 & Figure A C.1-Figure A C.3). 
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Figure 2.9. Electron micrograph of globular features adhered to olivine after culture with Pseudogulbenkiania 

sp. strain 2002. 

 

Figure 2.10. Electron micrograph of globular aggregations on olivine surface after culture with 
Pseudogulbenkiania sp. strain 2002. Target areas for electron dispersive X-ray spectroscopic (EDS) analysis 

are shown with white boxes. 
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Figure 2.11. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 1" indicated in Figure 2.9. 

 

Figure 2.12. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 2" indicated in Figure 2.9. 
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Individual structures, flattened and ~1 µm in diameter, were also observed attached to the 

mineral surface of the strain KS1 olivine cube (Figure 2.13). These features were thinnest 

at the edges, rising in the centre to form irregular convex shapes, reminiscent of round 

“ravioli” parcels. The thickest of these features were also co-located with areas of elevated 

carbon (Figure 2.13-Figure 2.15). 

 

Figure 2.13 Electron micrograph of flattened, rounded features adhered strongly to the olivine surface after 

culture with Paracoccus sp. strain KS1. Target areas for electron dispersive X-ray spectroscopic (EDS) 

analysis are shown with white boxes. 
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Figure 2.14. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 13" indicated in Figure 2.13. 

 

Figure 2.15. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 14" indicated in Figure 2.13. 
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Rounded structures embedded within a porous or semi-porous matrix were discovered in 

association with the mineral surfaces of the olivine cube from the KS1, 2002 and BoFeN1 

cultures, as well as from the abiotic control. These features were not observed in the T. 

denitrificans culture. On the strain 2002 cube, these features were present in aggregations 

of several hundred, in recesses (Figure 2.16) and on large flat surfaces (Figure 2.17). EDS 

analysis revealed that the rounded features, but not the matrix material, were co-located 

with regions of elevated Ca (Figure 2.18-Figure 2.19 and Figure A C.8-Figure A C.12). 

 

Figure 2.16. Electron micrograph showing rounded features embedded in a porous matrix after culture with 

Pseudogulbenkiania sp. strain 2002.  
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Figure 2.17. Electron micrograph displaying a large aggregation of rounded features (left-hand side) in a 
single layer adhered to the olivine surface, after culture with Pseudogulbenkiania sp. strain 2002. Target areas 

for electron dispersive X-ray spectroscopic (EDS) analysis are shown with white boxes. 

 

Figure 2.18. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 10" indicated in Figure 2.17. 
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Figure 2.19. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 11" indicated in Figure 2.17. 

 

Several areas of the cube from the strain KS1 culture featured contiguous plaques up to 40 

µm diameter (Figure 2.20). These consisted of globular features ~1 µm across, embedded 

within, and emerging from, an interconnecting matrix. EDS analysis revealed a co-location 

of the rounded features and elevated Ca, relative to the mineral background (Figure 2.21-

Figure 2.23 and Figure A C.13-Figure A C.18).  
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Figure 2.20. Electron micrograph of rounded structures embedded in a semi-porous matrix after culture with 

Paracoccus sp. strain KS1.  

 

Figure 2.21. Electron micrograph of rounded features in a semi-porous matrix on olivine surface after culture 
with Paracoccus sp. strain KS1. Target areas for electron dispersive X-ray spectroscopic (EDS) analysis are 

shown with white boxes. 



73 

 

 

Figure 2.22. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 22" indicated in Figure 2.21. 

 

Figure 2.23. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 24" indicated in Figure 2.21. 
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For the cubes incubated with BoFeN1, the rounded features were mostly found in 

depressions on exposed flat surfaces (Figure 2.24) and in crevices (Figure 2.25). EDS 

analysis indicated that the rounded features in some depressions were co-located with 

slightly elevated Ca concentrations relative to the surface on which they sat.  These Ca 

concentrations were similar to those found at a nearby ridge in the mineral surface (Figure 

A C.19-Figure A C.23). The grain associated with the rounded features in Figure 2.25 was 

also found to be enriched in Cr relative to the surface from which it protrudes (Figure 2.26-

Figure 2.27 and Figure A C.24-Figure A C.25). The rounded features also appear slightly 

elevated in both Ca and P, relative to background of the Cr-rich feature. 

The rounded features seen in one crevice in the control cube (Figure 2.28) were slightly 

elevated in Ca relative to the mineral background (Figure 2.29-Figure 2.30). 
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Figure 2.24. Electron micrograph of rounded structures embedded within a semi-porous matrix after culture 

with Acidovorax sp. strain BoFeN1.  

 

Figure 2.25. Electron micrograph of rounded structures (lower central area of image) associated with the 
olivine surface after culture with Acidovorax sp. strain BoFeN1. Target areas for electron d ispersive X-ray 

spectroscopic (EDS) analysis are shown with white boxes. 
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Figure 2.26. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 21" indicated in Figure 2.25. 

 

Figure 2.27. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 22" indicated in Figure 2.25. 
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Figure 2.28. Electron micrograph of rounded structures in a porous matrix adhered to the olivine surface in 

the abiotic control. Target areas for electron dispersive X-ray spectroscopic (EDS) analysis are shown with 

white boxes. 

 

Figure 2.29. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 17" indicated in Figure 2.28. 
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Figure 2.30. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 18" indicated in Figure 2.28.  
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2.4 Discussion 

2.4.1 Growth associated with NDFO 

The viable cell counts show clear growth of strains BoFeN1, 2002 and KS1 over the course 

of the experiment. Cell numbers of BoFeN1 and 2002 increased from time 0 to day 13, 

demonstrating near-immediate exponential growth phases with similar specific growth 

rates, before 2002 reached a stationary phase after day 13. Strain BoFeN1 appeared to then 

enter what could be termed as a death phase, experiencing a 45 % drop in viable cell 

density between day 13 and the end point. In contrast, the KS1 strain had a much longer 

lag phase (13 days) compared to BoFeN1 or 2002 and exponential growth was reached at 

day 13 but with a specific growth rate lower than in BoFeN1 or 2002 (0.19 compared to 

4.32 and 4.08, respectively. No clear exponential phase was reached by the T. denitrificans 

cultures, which remained in stationary phase throughout the experiment.  

The observations of growth over the first 8 days in strains BoFeN1 and 2002 made from 

the viable cell counts are supported by the Bradford protein assay results, which suggest 

biomass increased in both strains BoFeN1 and 2002 between day 1 and day 4. Biomass 

then stayed constant at day 8 in strain 2002 cultures while continuing to accumulate in 

strain BoFeN1 cultures. The lack of divergence from the control of protein concentration 

by strain KS1 and T. denitrificans over the first 8 days of culture supports the interpretation 

of stationary phases for these groups over this period, based on the cell counts. 

Unfortunately, Bradford assay samples after day 8 were compromised inadvertently by 

their extended removal from storage temperature (-20℃) prior to analysis, resulting in 

degradation of protein and unusable data. 

The nitrate measurements taken at the end-point verify autotrophic nitrate reduction by the 

growing cultures of strains BoFeN1, 2002 and KS1; nitrate is depleted in the biotic 



80 

 

experiments relative to both the initial concentration and abiotic control at the end point, as 

expected for cultures growing by nitrate reduction (Benz et al., 1998). The small drop in 

end-point nitrate concentration in T. denitrificans cultures relative to the control group may 

indicate a low level of nitrate reduction associated with the maintenance of stationary 

phase non-growing cells, something which has been observed before in multiple strains 

(Straub et al., 1996; Chaudhuri et al., 2001; Shelobolina et al., 2003). 

The end-point concentration of dissolved Fe was highest in the abiotic control, despite Fe 

being absent from the components in the preparation of the initial media. It can be assumed 

that this represents Fe (namely Fe2+) leached abiotically from the olivine substrate over the 

period of observation, and is in line with olivine dissolution kinetics at circumneutral pH 

proposed by Wogelius and Walther (1991); circumneutral conditions appear to have been 

maintained throughout the experiment by the NaHCO3 media component, which 

counteracted the acidifying effect of the 10 % CO2 headspace.  

If NDFO was taking place in the inoculated culture series, some oxidation of soluble Fe2+ 

to less soluble Fe3+ compounds and precipitation may be expected. Although precipitation 

was not observed, soluble Fe2+ concentrations were lower than the control in the actively 

growing test groups, strains BoFeN1, 2002 and KS1, and to a lesser extent in the T. 

denitrificans cultures. Hence, it could be suggested that growth by NDFO may have 

occurred; this has only been observed previously in strain 2002 of the microorganisms 

investigated here (Weber et al., 2006b). 

By comparison to the results of this study, the autotrophic growth of strain 2002 by NDFO 

observed by Weber et al. (2006b) occurred over a shorter time period, with a higher 

specific growth rate and reached the end of the exponential phase after 2 days (28 days in 

this experiment). However, there was no limitation on Fe2+ in that case, with an initial 
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concentration of 10 mM. Under the Fe2+-limited conditions of this experiment, it is 

unsurprising that we observe a longer lag phase. The growth of strain BoFeN1 (previously 

thought to require an organic co-substrate for NDFO-associated growth, (Kappler et al., 

2005) and strain KS1 (previously described as heterotrophic,(Iordan et al., 1995) are more 

surprising. The non-growth of T. denitrificans, meanwhile, supports the suggestion made 

by Hedrich et al. (2011), that the growth of this species using pyrite (FeS2) as an electron 

donor, coupled to nitrate reduction (observed by Juncher Jørgensen et al. (2009)) may have 

owed more to the oxidation of S- ions than Fe2+ ions. Even so, the growth of strains as 

metabolically and phylogenetically diverse as strains BoFeN1, 2002 and KS1 under low 

Fe2+ availability and autotrophic, anoxic conditions provides support for the suitability of 

NDFO organisms to circumneutral early martian environments. 

The Fe concentrations accumulated from olivine dissolution over the course of the 

experiment reached maximum concentrations of ~56 ppb (Figure 2.7), which corresponds 

to ~1 nM. A similar experiment demonstrated that neutrophilic growth by aerobic bacteria 

could occur under microoxic (1.6 % O2), but Mars-relevant, conditions (Popa et al., 2012), 

using olivine sand as a sole Fe source (although Fo91 compared with Fo84) (Popa et al., 

2012). That isolate, Pseudomonas sp. strain HerB, was able to grow, with the same ratio of 

olivine mass to media volume, and the same temperature and pH range as in the 

experiments described in this Chapter. This adds credence to the conclusion that the rate of 

dissolution and concentration of Fe seen in the results presented here are indeed sufficient 

to drive microbial growth. Furthermore, the anaerobic conditions and use of nitrate as an 

electron acceptor in the experiments detailed here more closely match the conditions 

expected of early martian environments than in Popa et al. (2012).   

Other experiments have used media designed to closely mimic fluids modelled for present 

and past Mars aqueous environments, with Fe concentrations ranging from micromolar to 
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molar in magnitude (Fox-Powell et al., 2016). These comparatively high-Fe conditions are 

likely to affect the growth and metabolic behaviour of the microorganisms investigated 

here and will be investigated in Chapter 3 using media derived from a Mars simulant 

developed by Nisha Ramkissoon at the Open University.  However, it could be proposed 

that, on the basis of the results presented in this Chapter, NDFO is a possible energy 

metabolism on early Mars. 

2.4.2 Fe isotope disparities 

An unexpected result, drawn from the ICP-MS data, is the variation in relative 

concentrations of dissolved 56Fe and 57Fe. All three strains that showed microbial growth – 

BoFeN1, KS1 and 2002 – show differences in 57Fe/56Fe from that of the control (Table 

2.4); this is not observed in the non-growing T. denitrificans cultures. That is, there were 

lower values for 56Fe relative to 57Fe in the medium when microbial growth occurred.  

Given that all cultures used a homogenised substrate from the same mineral sample, it is 

unlikely that this variation originates from the olivine itself.   Instead, this implies that, 

there was either a difference in the liberation of 56Fe and 57Fe in cultures, perhaps resulting 

from chemical changes, or that a biologically-mediated process preferentially removed 

56Fe relative to 57Fe.  

Table 2.4. 57Fe/56Fe ratios for the Fe(aq) component of cultures and controls at the end point of the experiment. 

Series 57Fe/56Fe Standard error 

Pseudogulbenkiania sp. strain 2002 1.258 ±0.052 

Thiobacillus denitrificans 1.039 ±0.003 

Paracoccus sp. strain KS1 1.180 ±0.036 

Acidovorax sp. strain BoFeN1 1.231 ±0.053 

Control 1.014 ±0.001 
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Since there is no difference in either the pH values of the initial media between series and 

all cultures and controls were produced from the same media stock, it is difficult to 

imagine that the chemical conditions during dissolution were sufficiently dif ferent in these 

cultures to produce the effect observed.  

In an analysis of strategies to gain reliable Fe isotope data from ICP-MS, Vanhaecke et al. 

(2002) reported that under standard conditions, as were used for this analysis, interference 

from Ar-based molecular ions could account for up to 17.96% of 56Fe and 16.86% of the 

57Fe signals respectively. This finding would confound the results reported here if the 

objective was to gain accurate information as to 57Fe/56Fe in each culture. However, the 

proposed effect is relative between growing biotic cultures and controls. All ICP-MS 

samples were run in a single batch under identical conditions, and so any interference 

effect from the instrument should be mitigated. 

In the absence of plausible abiotic explanations for the differences in 57Fe/56Fe, it must be 

considered that this may be the result of a biological mechanism. In the context of this 

experiment, microbial Fe2+ oxidation during NDFO.  

Fe isotope fractionation associated with different microbial Fe oxidising and reducing 

metabolisms has been widely reported (Croal et al., 2004; Balci et al., 2006; Crosby et al., 

2007), although these studies utilised different isotope systems. In fact, Kappler et al. 

(2010) have already demonstrated a measurable isotopic shift by strain BoFeN1 during 

NDFO, using a 56Fe/54Fe system.  

The effect found here supports the existence of Fe isotope fractionation associated with 

active NDFO cultures. In the context of astrobiological investigations on Mars, the 

usefulness of isotopic data as a specific biosignature is limited by our knowledge of 
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martian abiotic fractionation processes, but may be useful as supporting evidence in 

concert with other biosignatures (Vago et al., 2017). 

 

2.4.3 Biogenicity of morphological features 

If life were to have developed NDFO metabolism on early Mars, the search for evidence 

may be aided by the phenomenon of biomineralisation. That is, the preservation of 

microbial morphologies and other characteristics by encrustation and replacement of 

biological structures with mineral assemblages. 

SEM revealed features with aspects suggesting biogenic origin, some of which were 

supported by results from EDS analyses. The globular aggregations observed on the strain 

2002 olivine cube (Figure 2.9) were morphologically similar to that strain (Figure 2.31) 

(Zhao et al., 2013), with short chains and small clusters of coccobacillal (ovoid) cells. The 

co-located carbon signature detected by EDS (Figure 2.10-Figure 2.12 and Figure A C.1-

Figure A C.3) further supports the biogenicity of these features. EDS was unable to 

identify the composition of the dendritic features coating the globular aggregations shown 

in Figure 2.9 however; the small size and thin layering of the dendritic coating may have 

allowed much of the X-ray beam to penetrate without much stimulation of the features 

themselves. However, the straight-edged and needle-like appearance of these features 

(Figure 2.9), suggests they were non-biological and inorganic. 
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Figure 2.31.(A) SEM image of Pseudogulbenkiania sp., (B) SEM image of strain 2002 cells in association 

with Fe-rich nontronite clay particles (Zhao et al., 2013) and (C) aggregations of coccobacillal features 

observed in the Pseudogulbenkiania sp. strain 2002 culture (from Figure 2.9). 

The “ravioli” features found after culture with Paracoccus sp. strain KS1 (Figure 2.13) 

were similar in diameter and 2-dimensional shape to the coccoid cells of that strain. The 

flattened appearance could potentially be a result of cell dehydration during the sample 

desiccation process, exacerbated by the absence of mineral encrustation. As in the strain 

2002 culture, the carbon signature detected in the KS1 culture (Figure 2.14-Figure 2.15 and 

C 
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Figure A C.4-Figure A C.7) provides supporting evidence for the biogenicity of these 

features. 

The identities of other structures observed are somewhat less certain. The rounded 

structures, apparently embedded within a porous matrix material in the strain BoFeN1, 

strain KS1, strain 2002 and control series (Figure 2.16-Figure 2.30), have the superficial 

appearance of coccoid cells within a biofilm, but were also found in the abiotic control.  

This suggests that these features may have been present within the parent sample from 

which the cubes were cut. Adding credence to this, some of the sites where these features 

are found appear to have been exposed during culture by the removal of a mineral grain 

from the outer surface of the cube (Figure 2.17 and Figure 2.24). The lack of carbon, and 

consistent detection of Ca co-located with the rounded features, suggests that the features 

are either abiotic or are mineralised biofilm structures of previous microbial inhabitants of 

the olivine substrate (Figure 2.32) that are similar in appearance to what is observed here. 

The repeated sonification of the olivine cubes in acetone was intended to remove any 

organic carbon from the substrate before culture to ensure autotrophic conditions, so it is 

unsurprising that there was an absence of associated carbon. 
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Figure 2.32. Examples of fossil bacterial biofilms. Images A & B show examples of spheres with medial 

partitioning (inset 1 and arrow 4). Inset 2 and arrow 3 point at two individual cells, which seem to be 

connected by an thin film. Images C and D depict spheres interpreted as fossil bacterial biofilm (Toporski et 

al., 2002b). Images E and F are the rounded features embedded in a matrix observed on the olivine substrate 

surface following the culture experiment (Figure 2.16 and Figure 2.20). 

The evident difficulty in determining biogenicity based on morphology, even in batch 

cultures where the original morphology of the cells is known, serves to highlight the 

necessity for multiple lines of evidence when investigating potential biosignatures on Earth 

and Mars. The verification of biogenicity based solely on morphology has led to many 

contentious claims in both ancient terrestrial rocks and martian meteorites (McKay et al., 

1996; Mojzsis et al., 1996). The results of this experiment suggest that pairing with 

e                                f  
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alternative methods for determining the past presence of biological Fe metabolism, such as 

isotope fractionation patterns (Anand et al., 2006), should be investigated in order to 

complement morphological and elemental observations and provide additional tests by 

which to judge any putative biosignatures.  

2.4.4 Future Work 

The necessity for a combination approach to biosignature detection is borne out by the 

results of this Chapter, which demonstrate that individual morphological, elemental and 

isotopic analyses would not be enough to confirm the biogenicity of preserved 

biosignatures.  

In order to further investigate the findings of this Chapter, it would be necessary to tailor 

the analytical setup of future experiments using the knowledge gained here. ICP-MS 

should be used as the primary method for monitoring dissolved Fe throughout culture 

under oligotrophic conditions, as the micromolar range of concentrations will present 

challenges to redox sensitive chemical techniques such as the ferrozine assay.  

Gas headspaces could also be monitored for consumption of CO2 during autotrophic 

growth, as well as the generation of H2 -an alternative electron donor for microbes – by the 

abiotic serpentinisation reactions of water and olivine. Serpentinisation has been proposed 

as an abiotic formation mechanism for methane (CH4) observed in the martian atmosphere, 

which is a downstream product of subsequent abiotic reactions between H2 and CO2 (Holm 

et al., 2015). 

Lastly, spectroscopic and mineralogical analyses such as could be employed to determine 

the composition of biomineralised structures observed here. Techniques such as Raman 

spectroscopy – included in the ExoMars rover design (Beegle et al., 2015; Rull et al., 

2017) – and X-ray diffraction crystallography could be employed order to further our 
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understanding of how traces of NDFO microbes may be preserved or degraded over 

billions of years in the martian geological record. 

2.4.5 Conclusions 

Three strains of NDFO microbes - Pseudogulbenkiania sp. strain 2002, Acidovorax sp. 

strain BoFeN1 and Paracoccus sp. strain KS1- were able to grow under anoxic, 

autotrophic conditions by respiring nitrate and utilising Fe2+ released by dissolution from 

an olivine substrate. This capability holds implications for the habitability of early Mars, 

where comparable conditions are likely to have existed. 

Aggregations on the olivine surface in the Pseudogulbenkiania sp. strain 2002 culture 

series, inferred to be cells, show signs of biomineralisation. This process could be key to 

preservation of morphological biosignatures of microbes from the early martian 

environment for detection in the present day. Non-mineralised, flattened cells were 

observed after culture with Paracoccus sp. strain KS1. However, obvious biogenic features 

associated with the substrate were not found after culture with the actively-growing 

Acidovorax sp. strain BoFeN1 or non-growing T. denitrificans. This demonstrates 

variability in preservation behaviours between the tested strains under these Fe2+-limited 

conditions, and so biomineralisation-related features may not be a reliable expectation on 

Mars if NDFO microbes existed under similar autotrophic conditions. 
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3. Growth of NDFO microorganisms in 

Mars simulant-derived media 
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3.1 Introduction 

Evidence for ancient fluvial systems and standing bodies of liquid water exists at various 

locations across the martian surface (Carr and Head, 2010; Davis et al., 2016; Davis et al., 

2019), and have been found by the Opportunity mission at Endeavour and Victoria Crater 

(Arvidson et al., 2011; Jolliff et al., 2019), and by Curiosity at Gale Crater (Grotzinger et 

al., 2014a). Additionally, evaporite deposits and mineral veins identified in situ on Mars 

provide evidence of ancient fluid movement at the surface and near-subsurface (Squyres et 

al., 2004a; Squyres and Knoll, 2005; Ming et al., 2006). In order to determine whether 

these fluids would have been habitable to life as we understand it, these environments can 

be simulated in the laboratory to test the growth and response of suitable model martian 

microorganisms, such as nitrate-dependent Fe2+-oxidising (NDFO) species (Price et al., 

2018). As well as testing microbial growth, the identification of distinguishable 

biosignatures resulting from such biological activity can inform the ongoing search for 

traces of life on Mars. For example, the biogenic Fe3+ minerals, which have been reported 

in some NDFO cultures, provide one route by which a record of microbial metabolism 

could be preserved (Miot et al., 2009; Larese-Casanova et al., 2010; Li et al., 2014; Miot et 

al., 2014a; Miot et al., 2015). 

Chapter 2 demonstrated that NDFO microorganisms can utilise a Mars-relevant Fe2+ 

substrate for growth in standard minimal media and that desiccation resulted in possible 

mineralisation of cells in one tested bacterial strain. To further our understanding of NDFO  

metabolism plausibility on Mars, more realistic chemical conditions must be imposed to 

better quantify the ability of this metabolism to support a microbial biosphere as a primary 

producer. 
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Previous work to assess the growth of microorganisms and the potential for biosignature 

generation on Mars have invoked a wide range of chemical, pH, redox and physical 

conditions. As well as solid simulants (Allen et al., 1997; Peters et al., 2008; Böttger et al., 

2012; Stevens et al., 2018), this has featured the development of brines aimed at recreating 

the aqueous chemistry of martian environments. Tosca et al. (2011) used thermodynamic 

models to investigate the physicochemical properties, such as water activity and ionic 

strength, of hypothetical martian brines. Fox-Powell et al. (2016) furthered this work by 

synthesising the modelled brines as media for use in microbiological studies, identifying 

ionic strength as a new consideration for the habitability of martian fluids. Despite the 

contribution made to our understanding of martian fluid chemistry and habitability, these 

brines were not suitable for the investigation of NDFO for two reasons. Firstly, the 

concentrated nature of the brines does not broadly apply to the hydrologically-active 

Noachian period which carries the most interest in terms of NDFO metabolisms and Mars. 

Secondly, these modelled brines all assume that Fe is present entirely in ferrous form 

(Fe2+) throughout the evolution of the fluids, which may not be unrealistic when 

considering the influence that Fe2+-oxidising metabolism could have on the system. To 

counter this, an alternative set of simulated martian brines with mixed Fe2+/Fe3+ balances 

was required. 

A new suite of Mars simulants have been developed by Nisha Ramkissoon at the Open 

University based on the geochemical composition of three sites on the martian surface and 

one martian meteorite (Ramkissoon et al., 2019). Data from the NASA Curiosity rover 

were used from Rocknest at Gale crater (Blake et al., 2013), the same site as the MGS-1 

simulant (Cannon et al., 2019), to create a contemporary Mars (CM) simulant. Two further 

simulants were developed based on the sulfur-rich (SR) Paso Robles site in Columbia 

Hills, Gusev crater and a haematite-rich (HR) deposit at Meridiani Planum (Rieder et al., 
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2004; Lane et al., 2008), respectively investigated by the NASA Mars Exploration Rovers, 

Spirit and Opportunity. The final simulant was based on geochemical data from a 

Shergottite (SG) meteorite (Bridges and Warren, 2006), representing basaltic terrain.  

This Chapter explores the habitability of martian fluid systems for NDFO microorganisms, 

by monitoring growth in liquid media derived from the modelled dissolution of these new 

simulants into solution. Previous studies have used brines that represent ionically 

concentrated solutions, for example those resulting from evaporitic conditions in Hesperian 

and Amazonian periods on Mars (e.g. Tosca et al., 2011; Fox-Powell et al., 2016). Though 

important in understanding the evolution of the martian geological environment and 

habitability across post-Noachian history, the previously tested brines are not as 

representative of the expected conditions in the hydrologically-active earlier period as 

those employed in this study (Grotzinger et al., 2014a; Wordsworth, 2016).  

The experiments detailed in this Chapter test the hypothesis that ancient groundwaters on 

Mars were habitable for NDFO microorganisms to grow and produce detectable shifts in 

oxidation state from Fe2+ to Fe3+, by working through the following objectives: 

1) To determine whether selected NDFO-capable microorganisms can grow in liquid 

media based on brines derived from the geochemistry of four martian 

environments. 

2) To quantify the extent of NDFO by monitoring the relative concentrations of 

Fe2+/Fe3+ and NO2/NO3 throughout. 

3) To investigate the impact of organic co-substrates and additional Fe2+ on growth of 

NDFO microbes in such a Mars-derived liquid medium. 
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3.2 Materials and Methods 

3.2.1 Mars simulant-based media 

Fluid chemistries that would result from dissolution of the simulants at a water/rock ratio 

(W/R) of 1000 were calculated by Nisha Ramkissoon. This value was chosen as it 

represents the fluids present within fractures in bedrock during hydrological activity within 

a near-surface environment. Predicted ion concentrations (shown in Table 3.1) for the 

fluids were reproduced using media components, which are listed in Table 3.2. A table of 

the media components in mg L-1 is included in Appendix A. 

Table 3.1. Predicted ionic concentrations for fluids based on Contemporary Mars (CM), Sulfur-rich (SR), 

Haematite-rich (HR) and Shergottite (SG) simulants at W/R of 1000. Ions listed in descending order of 

predicted concentration for CM. 

  Simulant 

  CM SR HR SG 

Ion  Concentration (mM) 

Si  + 7.351 3.602 6.828 8.585 

Fe2+ + 2.618 2.880 1.963 2.254 

Mg + 1.520 1.323 1.724 2.556 

Ca + 1.382 1.511 1.020 1.692 

NO3 - 1.000 1.000 1.000 1.000 

Al2 + 0.989 0.495 0.700 0.635 

Na2 + 0.542 0.309 0.373 0.264 

S - 0.466 3.649 0.534 0.050 

K2 + 0.253 0.164 0.171 0.079 

Fe3+
2 + 0.110 0.105 0.961 0.076 

Ti + 0.092 0.058 0.062 0.032 

P2 - 0.040 0.210 0.036 0.040 

Mn + 0.034 0.016 0.023 0.028 

Cl - 0.029 0.021 0.023 0.020 
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Table 3.2. Chemical composition of each media based on Contemporary Mars (CM), Sulfur-rich (SR), 

Haematite-rich (HR) and Shergottite (SG) ion concentrations as listed in Table 3.1. 

 Simulant 

 CM SR HR SG 

Component Concentration (µM) 

NaNO3 1000 618.28 746.05 - 

Mg(NO3)2 - 190.86 126.98 500 

Na2S - - 11.56 31.59 

MnCl2 14.71 10.42 11.56 9.87 

K2HPO4 19.83 - 72.04 78.70 

NaOH 42.45 - - 461.10 

KOH 233.55 - 98.95 - 

Ca(OH)2 1381.81 1510.99 1020.33 1692.42 

FeSO4 226.29 2300.89 533.84 - 

FeO 2392.10 578.66 1429.27 2253.63 

Fe2O3 - - 961.19 75.66 

3AL2O3.2SiO2 329.69 164.92 233.26 211.81 

3MgO.4SiO2.H2O 506.55 - 1597.01 685.33 

SiO2 4665.92 3271.76 - 5420.55 

TiOH 92.27 58.41 61.95 31.64 

MnSO4 19.04 5.65 746.05 18.59 

Na2HPO4 - - 126.98 1.63 

Fe2(SO4)3 220.41 210.15 11.564 - 

KH2PO4 - 420.45 11.56 - 

MgSO4 - 1131.97 72.04 - 

 

3.2.1.1 Media preparation 

Contemporary Mars (CM), Sulfur-rich (SR), Haematite-rich (HR) and Shergottite (SG) 

media were prepared using the components listed in Table 3.2. Soluble media components 

were prepared as anoxic stock solutions by dissolving the chemical in deoxygenated 

distilled water under N2 gas flushing, as described in Section 2.2.2. The stock solutions 

were sealed with sterile butyl rubber stoppers, using the Hungate technique (Hungate, 

1950), and crimped with aluminium caps. 
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Table 3.3. Concentrations and volumes of deoxygenated stock solutions used in the preparation of the 

Contemporary Mars (CM), Sulfur-rich (SR), Haematite-rich (HR) and Shergottite (SG) media. 

  Volume to add (mL) 

Compound 

Stock concentration 

(mM) CM SR HR SG 

NaNO3 100 10.000 6.183 7.460  
Mg(NO3)2 100  1.909 1.270 5.000 

Na2S 100   0.116 0.316 

MnCl2 10 1.471 1.042 1.156 0.987 

K2HPO4 10 1.983  7.204 7.870 

NaOH 100 0.424   4.611 

KOH 100 2.336  0.989  
FeSO4 1000 0.226 2.301 0.534  
MnSO4 10 1.904 0.565  1.859 

Na2HPO4 10    0.163 

Fe2(SO4)3 100 2.204 2.101   
KH2PO4 100  4.204   
MgSO4 1000  1.132   

 

Components with low solubility (FeO, Fe2O3, 3Al2O3
.2SiO2, 3MgO.4SiO2

.H2O, SiO2, 

TiOH, Ca(OH)2) were added in powdered form to a sterile 1 L Schott bottle. The 

chemicals were suspended in deoxygenated water containing resazurin (1 mg L-1) (Chapter 

2), under N2 gas flushing. The bottle was then sealed using the Hungate technique 

(Hungate, 1950) with a rubber septum and screw-cap, and autoclaved at 121 °C for 15 

minutes. 

Sterile stock solutions (concentrations listed in Table 3.3) of the soluble components were 

prepared (Appendix A) and added to the media, via sterile 0.2 µm filters, in a COY 

anaerobic chamber under an 85:10:5 N2:CO2:H2 atmosphere.  The volumes used to achieve 

the final concentrations listed in Table 3.2 are given in Table 3.3. 

30 mL aliquots were dispensed into 12   50 mL Wheaton bottles for each of the four 

media (triplicates for each of the three microorganisms and the abiotic control). These were 

sealed with sterile butyl stoppers and crimped closed with aluminium caps. The headspace 
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of each was replaced with a 90:10 N2:CO2 mixture by inserting a gas line via a sterile 

needle through the rubber septum and an unconnected needle to allow pressure to escape. 

3.2.2 Microorganisms 

Three microorganisms, Acidovorax sp. strain BoFeN1, Pseudogulbenkiania sp. strain 2002 

(DSM-18807) and Paracoccus pantotrophus strain KS1 (DSM-11072) were selected for 

this experiment as these strains demonstrated autotrophic growth on the olivine substrate in 

Chapter 2. These strains were maintained in LB media (L-1: 10 g tryptone, 5 g yeast 

extract, 10 g NaCl) at 30 °C under aerobic conditions prior to the experiment. 

3.2.3 Chemolithotrophic growth experiment 

3.2.3.1 Inoculation and incubation 

Cells (1 mL LB growth culture) were harvested during the exponential phase by 

centrifugation at 3000 × g for 10 minutes, the supernatant was removed and the pellet was 

resuspended in 1 mL anoxic simulant media. This was repeated twice to wash the cells and  

prevent carry-over of extracellular nutrients from the LB media into the experiment. 

Following the wash step, cell suspensions were enumerated using a Baclight Live/Dead 

stain (Invitrogen) (Section 2.2.4) and optical microscope under UV light.  

The medium was inoculated using a sterile syringe and needle to achieve a starting 

concentration of ~107 cells mL-1 in cultures and with sterile medium in the controls. 

Cultures and controls were incubated stationarily at 25 °C in the dark. Samples of 2 mL 

volume for cell enumerations and chemical analyses were anaerobically collected pre- and 

post-inoculation, as well as at days 1, 2, 3, 4, 7 and 10. 

 

 



98 

 

3.2.3.2 Microbial growth monitoring 

In the chemolithotrophic growth experiment, protein concentrations were monitored as a 

proxy for microbial growth due to the total number of cultures and controls. Samples were 

reliably stored at -20 ℃ for later protein analysis, whereas cell counts were performed 

soon after collection to mitigate the effects of oxygen intrusion to anaerobic redox-

sensitive medium. 

3.2.3.2.1 Bradford protein assay 

The Bradford assay was used as a measure of protein production over the course of the 

chemolithotrophic experiment, following a protocol developed for Fe-oxidising cultures 

(Miot et al., 2009).  

Aliquots of culture (500 µl) were mixed with 420 µl of Tamm reagent (Appendix A). This 

reagent served to dissolve amorphous Fe-bearing phases and to lyse cells (Vodyanitskii, 

2001). Following this, 80 µl of 6.1 N trichloroacetic acid was added in order to precipitate 

the proteins from the mixture. The precipitates were pelleted by centrifugation at 15,500 × 

g for 30 minutes, before the supernatant was removed and the pellet was resuspended in 

500 µl 0.1 M NaOH. These samples were then heated to 60 °C in a dry bath for 6 minutes.. 

A 400 µl subsample from each was then mixed with 400 µl of Bradford reagent, and the 

absorbance at 595 nm measured after 5 minutes in a Camspec M107 visible 

spectrophotometer. γ-globulin was used as the protein standard, with 0 to 25 µg mL-1 

prepared in 0.1 M NaOH solution. A standard curve was calculated as shown in Appendix 

B and sample concentrations calculated using the line equation. 

Protein-to-cell density conversion factors for the organisms used in this experiment were 

created by correlating cell counts and protein concentrations for the three microorganisms 

during exponential growth phase from Chapter 2. Specific growth rates were then 
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estimated by applying equation (2) to cell density values converted from the protein 

concentrations. 

3.2.3.3 Chemical analyses 

3.2.3.3.1 Ferrozine assay 

The ferrozine colourimetric assay was used to determine the reduced and total Fe 

concentrations in the medium. Ferrozine reagent (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-

triazine-p,p′-disulfonic acid monosodium salt) reacts with Fe2+ to form a soluble, stable 

magenta complex species with a peak of maximum absorbance at 562 nm, which may be 

used for determination of iron in solution (Stookey, 1970). 

For this, two 20 µl aliquots of  culture were transferred by sterile pipette into two 1.5 mL 

microcentrifuge tubes, one containing 980 µl of 0.5 M HCl and into another containing 

980 µl 0.5 M HCl and 0.3 M hydroxylamine hydrochloride (Appendix A). These mixtures 

were allowed to digest for a minimum of one hour and refrigerated at 4 °C thereafter for 

later analysis. The HCl lyse the cells and prevents abiotic oxidation of the Fe in the sample, 

allowing the Fe2+ concentration to be preserved for analysis. The hydroxylamine 

hydrochloride acts as a reducing agent, converting Fe3+ to Fe2+ and giving a value for total 

Fe concentration in the cultures. By comparing the Fe2+ and total Fe concentrations, the 

Fe2+/Fe3+ ratio can therefore be determined at regular time points and thus the rate of Fe 

oxidation calculated. For this, 20 µl of the HCl and hydroxylamine hydrochloride digests 

were transferred into seperate 1 mL cuvettes containing 980 µl of ferrozine solution 

(Appendix A), and  were mixed using a pipette. The absorbance was measured using a 

Camspec M107 visible spectrophotometer at a wavelength of 592 nm. 

Standards were prepared by mixing 20 µl of 10 mM, 5 mM, 1 mM and 500 µM FeSO4 

solutions with 980 µl of 0.5 M HCl in 1.5 mL microcentrifuge tubes. Ferrozine solution 



100 

 

was then added to these mixtures in the same manner as the samples and read at 592 nm. 

The standard curve was produced as a calibration graph. Fe2+ and Fetotal concentrations 

were calculated from the line equation and Fe2+/Fetotal ratios determined subsequently 

(Appendix B). 

3.2.3.3.2 Nitrate measurement 

The concentration of nitrate ions in each of the cultures was measured post-inoculation and 

at the endpoint of the experiment using an ELIT 0821 ion selective NO3
- electrode and 

ELIT 003 lithium acetate reference electrode (Nico2000) connected to a conductivity 

meter (HANNA instruments). A calibration curve was prepared with 10 µM, 100 µM and 

1 mM of NaNO3 dissolved in milliQ water, with the concentration plotted against 

conductivity (mV). The nitrate concentrations were determined using the equation from the 

standard curve of the calibration graph (Appendix B) and the end point presented relative 

to the initial concentration. 

3.2.3.3.3 Griess reagent assay for nitrite 

The Griess reagent assay is a colourimetric method, which is used to  determine nitrite ion 

concentration in a solution, whereby the reaction of sulfanilic acid with 1-naphthylamine to 

produce red-pink azo compounds in the presence of nitrite ions is used as a proxy for 

nitrite concentration (Griess, 1879; Ivanov, 2004). 

For monitoring nitrite concetrations, a 100 µl aliquot of culture was transferred into sterile 

1.5 mL microcentrifuge tubes and centrifuged at 15,500 × g for 10 minutes. In parallel, 

nitrite standards were prepared by diluting 100 mM NaNO2 with 0.1 M NaOH solution, to 

give 100 µM, 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM and 1 µM NaNO2 concentrations.  
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Standards (in triplicate) and the supernatants from the culture samples (50 µL) were 

transferred to individual wells of a 96-well flat-bottomed, optically clear ELISA 

microplate. 100 µL of 1 × Griess reagent solution (Sigma-Aldrich) was added to each well, 

giving a total reaction volume of 150 µ. After 15 minutes, the plate was read using a Bio -

tek ELx808 microplate reader with a 540 nm filter and using KC4 software for data output. 

Nitrite concentrations were calculated using the line equation from the calibration curve of 

standards (Appendix B). 

3.2.3.3.4 Inductively coupled plasma optical emission spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to measure 

the chemical composition of the media immediately after inoculation and at the conclusion 

of the experiment (day 10). Aliquots (9 mL) of cultures and controls were extracted under 

anaerobic conditions using a N2-flushed sterile syringe at day 10. The samples were 

filtered through 0.2 µm sterile filters into 1 mL aliquots of 20 % HNO3 solution (Appendix 

A), resulting in 2 % final HNO3 concentration. These samples were then diluted to 100× 

and 1000× in 2 % HNO3. ICP-OES was conducted using an Agilent 5110 ICP-OES in 

axial view by Tim Barton at the Open University as per Macey et al. (2020). Accuracy of 

major element results was estimated using a 28 component multi-element standard solution 

for ICP (Fisher Chemical MS102050) and minor elements using a tailored 10 component 

standard solution. The specified wavelength for each element was selected for repeatability 

and performance. Check standards for ppm (0.5, 1, 2.5) and ppb (10, 100, 250, 500), 

blanks and drifts checks were run for quality control and data repeatability. Limits of 

detection are given in Table 3.4. 
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Table 3.4. Detection limits by element for the Agilent 5110 ICP-OES system. 

Element Detection limit (ppb) Element Detection limit (ppb) 

Al 5.0 Nd 2.8 

As 6.3 Ni 2.0 

Ba 0.5 P 139.0 

Ca 4.0 Pb 2.1 

Ce 2.0 S 28.0 

Co 0.5 Sb 6.4 

Cr 0.3 Sc 1.3 

Cs 282.0 Se 5.9 

Cu 0.4 Si 6.0 

Fe 1.0 Sn 9.6 

Ga 4.3 Sr 0.3 

K 0.0 Ti 0.6 

Mg 1.0 V 0.6 

Mn 1.0 W 7.1 

Mo 5.7 Zn 7.7 

Na 69.0 Zr 0.8 

 

3.2.3.3.5 pH 

pH was measured using a Thermo Scientific Orion Three Star pH meter with a two-point 

calibration using Omega Buffer solutions at pH 4 and 7 at the start and end points of the 

experiment. 

3.2.4 Inhibition and co-substrate experiments 

Growth experiments were conducted to assess the ability of NDFO microorganisms to 

grow in the CM brine, when supplemented with additional organic carbon and nutrient 

sources (Figure 3.1). 

 For this experiment, the focus was the CM brine because the composition was based on 

the Yellowknife Bay site in Gale crater, which is claimed to have been habitable during the 

existence of a lake which once partially filled the crater (Grotzinger et al., 2014a; 

Ramkissoon et al., 2019). Acidovorax sp. strain BoFeN1 was selected as a strain, because it 

grew on the olivine substrate in Chapter 2. 
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The first step was to  determine whether the CM medium had any inhibitory effect on 

microbial growth. For this,  the CM medium was mixed with an anoxic nutrient medium 

(containing peptone 5.0 g L-1, meat extract 3.0 g L-1) (Section 2.2.2) at ratios of 90:10 and 

10:90,  to provide a range of organic carbon sources and trace elements at different 

concentrations. 

Subsequently, Acidovorax sp. strain BoFeN1 was grown in CM brine with an organic co-

substrate (acetate) and additional soluble Fe2+ to test the effect they had on growth rate and 

maximum cell density. Acetate was selected having been previously used as an organic co-

substrate for Acidovorax sp. strain BoFeN1 and other strains in mixotrophic NDFO 

experiments (Miot et al., 2009; Muehe et al., 2009). For this, CM media were created 

unamended, amended with sodium acetate (2 mM) or with both sodium acetate (2 mM) 

and FeSO4 (10 mM). Anoxic nutrient medium was used as a positive control.  

The media was prepared by aliquoting 30 mL of CM media (prepared as in Section 3.2.1.1)  

into 50 mL Wheaton bottles, under a N2 headspace. The bottles were then sealed with a 

butyl rubber stoppers and crimped aluminium caps (described in Section 3.2.3.1).  

The inoculum (105 cells mL-1) was prepared by growing Acidovorax sp. strain BoFeN1 in 

an anoxic nutrient media at 30 °C for 2 days. The cells were harvested during exponential 

growth phase, washed twice in the corresponding medium (see Section 3.2.3.1) to remove 

extracellular nutrients. Cultures were inoculated to give a starting concentration of 10 5 

cells mL-1 (volumes calculated from cell counts of the inoculum) and an equal volume of 

sterile CM media was added to controls.  

The mixed CM/nutrient media cultures and respective uninoculated negative controls in 

the inhibition experiment were incubated at 25 °C for 4 days and observed for turbidity. 
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Identification of visible turbidity in the media column is commonly used to check for 

microbial growth in enrichment cultures..  

The unamended CM cultures, amended CM cultures, positive controls and uninoculated 

negative controls were incubated at 25 °C for 6 days. The Baclight Live/Dead stain method 

(Section 2.2.4) was used to monitor microbial growth. Cell counts were performed in the 

co-substrate experiment, which involved a smaller total number of cultures and controls 

compared with the chemolithotrophic experiment (as described in Section 3.2.3). 

 

Figure 3.1. Preparation of inhibition and co-substrate experiments. Anaerobic nutrient and Contemporary 

Mars (CM) media were mixed and amended with acetate and Fe2+, then inoculated with Acidovorax sp. strain 

BoFeN1. Two series (90% CM 10% Nutrient and 10% CM 90% Nutrient) were incubated at 25°C for 4 days 

and visually observed for growth. All other cultures were incubated at 25°C for 6 days, with regular samples 

taken for cell enumeration. 
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Cell densities were determined using equation (1) and specific growth rates were 

calculated from exponential growth phases using equation (2). 

3.2.5 Statistics 

Results from nitrate and nitrite assays, the protein assay, ferrozine assay, ICP-MS and 

viable cell counting were tested for significance using a 2-tailed paired Student’s t-test. 

Pooled biotic samples were tested for significance against controls using a 2-tailed 2-

sample t-test assuming equal variance. Correlations were calculated using Pearson’s 

coefficient of linear correlation. 

 

3.3 Results 

3.3.1 Growth under simulated martian chemical conditions 

3.3.1.1 Chemolithotrophic growth experiment 

Microbial growth was monitored using the Bradford protein assay. Growth was detected 

for all of the isolates when grown in SG media and for Acidovorax sp. strain BoFeN1 and 

Pseudogulbenkiania sp. strain 2002 when grown in CM media (Figure 3.2).  

Protein was detected for all three strains after 10 days in the SG medium. There was no lag 

phase observed for Paracoccus sp. strain KS1 (1.53 ± 0.74 µg mL-1) and Acidovorax sp. 

strain BoFeN1 (1.12 ± 0.47 µg mL-1); whereas a lag phase was observed for 

Pseudogulbenkiania sp. strain 2002 between inoculation and day 1. This was followed by a 

period of exponential phase from days 1 to 7. A growth maximum (1.00 ± 0.47 µg mL -1) 

was reached at day 7. The specific growth rates were 1.3 day-1 for Paracoccus sp. strain 

KS1, 1.9 day-1 for Acidovorax sp. strain BoFeN1 and 2.5 day-1 for Pseudogulbenkiania sp. 

strain 2002. 
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Within the CM medium, no lag phase was observed for Acidovorax sp. strain BoFeN1 and 

Pseudogulbenkiania sp. strain 2002. Acidovorax sp. strain BoFeN1 (0.53 ± 0.26 µg mL-1) 

and Pseudogulbenkiania sp. strain 2002 (0.66 ± 0.15 µg mL-1) reached maximum detected 

protein concentration at day 10 with respective specific growth rates of 1.5 day-1 and 2.1 

day-1. Despite increasing mean protein concentration between days 2 and 10 for 

Paracoccus sp. strain KS1 in the CM medium, protein was not significantly higher than in 

the controls at any point, so this apparent growth cannot be confirmed. No growth was 

detected in the CM or SG controls. 

In the SR medium, no significant growth was detected for any of the strains throughout the 

experiment. Pseudogulbenkiania sp. strain 2002 grown in HR media initially demonstrated 

growth; however, no protein was detected after day 4. None of the other strains were able 

to grow in the HR media and no detectable protein was produced at any point. The initial 

protein detection could be due to microbial activity based on a carry-over of intracellular 

nutrients from the pre-experiment growth medium, after which the cells died off over the 

first 4 days of the experiment. 

A caveat is that the protein concentrations detected were very much at the lower detection 

limits of the Bradford assay, despite modifications to improve sensitivity. For this reason, 

the culture values have been normalised against the controls to help separate protein trends 

from instrument noise.   



107 

 

 

Figure 3.2. Protein concentration over time in Contemporary Mars (CM), Sulfur-rich (SR), Haematite-rich 

(SR) and Shergottite (SG) brines for Paracoccus sp. strain KS1, Pseudogulbenkiania sp. strain 2002, 

Acidovorax sp. strain BoFeN1 (± standard error). Values are normalised against the abiotic control. 

3.3.1.2 Inhibition and co-substrate experiments 

After four days of incubation, microbial growth was observed in the 90:10 and 10:90 CM 

brine/Nutrient media cultures of Acidovorax sp. strain BoFeN1, demonstrating that the 

composition of the CM brine was not inhibitory to the growth of Acidovorax sp. strain 

BoFeN1. 
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Table 3.5. Determination of Acidovorax sp. strain BoFeN1 growth by visible turbidity (+) after 4 days in 

culture at 25 °C.  

 Media 

Inoculum 

90:10 

Brine: 

Nutrient 

media 

10:90 

Brine: 

Nutrient 

media 

Nutrient 

media 

Sterile 

water 

Acidovorax sp. strain BoFeN1 + + + - 

Control - - - - 

 

Growth of Acidovorax sp. strain BoFeN1 was significan in the CM medium, and the cell 

concentration increased from 105 cells mL-1  (at inoculation) to a maximum cell number of 

4.2 ±1.2 × 105 cells mL-1 after four days (Figure 3.3). The cell numbers then dropped 

below that of the initial concentration (4.8 ±4.0 × 104 cells mL-1). The specific growth rate 

during exponential phase was 6.5 day -1. 

The addition of the acetate (2 mM) to the CM brine, enhanced the growth rate (7.1 day-1) 

and maximum cell numbers for Acidovorax sp. strain BoFeN1 in comparison to the 

unamended brine cultures. The  maximum cell concentration of 2.2 ±0.1 × 106 cells mL-1 

was reached after 3 days, significantly higher than the maximum cell concentration in the 

unamended medium (p=0.02). The growth of Acidovorax sp. strain BoFeN1 with addition 

of both acetate (2 mM) and Fe2+ (10mM) to the medium followed a similar pattern to 

cultures amended with only acetate (2 mM), but with a specific growth rate of 7.4 day-1 

and a significantly higher (p=0.04) maximum concentration of 7.2 ±0.7 × 106 cells mL-1 at 

day 4. In nutrient media, the strain grew heterotrophically with a specific growth rate of 

14.0 day-1. A maximum cell number of 1.3 × 106 cells mL-1  was reached at day 1 and the 

cultures entered stationary phase and remained at around 106 cells mL-1 thereafter.



109 

 

 

Figure 3.3. Viable cell counts over time for Acidovorax sp. strain BoFeN1 in Contemporary Mars (CM) brine. Growth in the unamended brine is shown in comparison to 

brines amended with 2 mM acetate, 2 mM acetate and 10 mM Fe2+ and to nutrient media (± standard error). 
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3.3.2 Fe oxidation state 

The total Fe and the Fe2+ was measured throughout the experiment using the ferrozine 

assay. In the CM, the other series besides SG with microbial growth, Fe became more 

reduced over the course of the experiment in all inoculated cultures and controls from ~0.2 

at inoculation to 0.4-0.5 by day 10 (Figure 3.4). Between day 0 and 10, the Fe2+/Fetotal ratio 

increased from 0.25 ± 0.03 to 0.41 ± 0.03 in Paracoccus sp. strain KS1, from 0.25 ± 0.02 

in Pseudogulbenkiania sp. strain 2002, from 0.25 ± 0.03 to 0.43 ± 0.02 in Acidovorax sp. 

strain BoFeN1 and from 0.22 ± 0.03 to 0.48 ± 0.04 in the control. This contrasted with the 

expectation that NDFO metabolism would result in an overall trend of Fe oxidation (Miot 

et al., 2014a). The growth observed here may be insufficient to generate significant Fe 

oxidation, relative to the control. The final Fe2+/Fetotal ratios do appear lower in the three 

biotic culture sets than in the control, which may suggest a relative oxidation effect. 

However, no significant differences were found between the CM cultures and controls, 

either when cultures were considered in organism-specific groups (Acidovorax sp. strain 

BoFeN1 p=0.22, Pseudogulbenkiania sp. strain 2002 p=0.36, Paracoccus sp. strain KS1 

p=0.06) or a pooled biotic sample set (p=0.09). 

In both SR and HR media there was an initial trend in Fe oxidation across for both the 

biotic experiments and the abiotic controls, until day 2, after which the Fe2+/Fetotal ratios 

plateau over the next 8 days. The exception to this are the Paracoccus sp. strain KS1 

cultures in HR brine, which remain stable at ~0.9 Fe2+/Fetotal throughout. 

The initial Fe concentration of the SG media was entirely in the form of low solubility 

precipitates, and therefore dissolved total Fe and Fe2+ was below the detection limits of the 

ferrozine assay. 
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Figure 3.4. Fe2+/Fetotal over time in Contemporary Mars, Sulfur-rich and Haematite-rich brines for Paracoccus 
sp. strain KS1, Pseudogulbenkiania sp. strain 2002, Acidovorax sp. strain BoFeN1 and an abiotic control (± 

standard error). 
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When the Fe redox is displayed relative to the control and plotted against microbial growth 

(Figure 3.5), there are inverse correlations in the CM media for Paracoccus sp. strain KS1 

(ρ = -0.43), Pseudogulbenkiania sp. strain 2002 (ρ = -0.45) and Acidovorax sp. strain 

BoFeN1 (ρ = -0.92). This suggests that a greater extent of microbial growth is associated 

with oxidation of Fe in the CM media, relative to the control, which could be a 

microbially-mediated NDFO effect. 

In the HR media, there was no strong correlation between Fe redox state and microbial 

growth for Pseudogulbenkiania sp. strain 2002 (ρ = -0.07), despite protein detected over 

the first 4 days. There were no correlations in the SR media due to the lack of microbial 

growth. 
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Figure 3.5. Protein (filled symbols, solid lines) and Fe2+/Fetotal relative to the control (open symbols, dotted 

lines) over time in Contemporary Mars, Sulfur-rich and Haematite-rich media for Paracoccus sp. strain KS1 

(triangles), Pseudogulbenkiania sp. strain 2002 (circles) and Acidovorax sp. strain BoFeN1 (squares) (± 

standard error). 
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3.3.3 pH  

The pH decreased between the start and end point (day 10) of the experiment for all of the 

culture and control experiments as shown in Table 3.6. There were no significant 

differences between the inoculated cultures and abiotic controls after 10 days (Appendix 

C), across the four media, except for Pseudogulbenkiania sp. strain 2002 grown in the SG 

brine (p=0.02), indicating no role for biological activity in this downward trend.  

The mean pH values for Pseudogulbenkiania sp. strain 2002 cultures and the abiotic 

controls after 10 days in SG brine were significantly different (p<0.05). However, the error 

margins as calculated for standard error for these two data points are overlapping and 

therefore this may represent a statistical anomaly or an isolated temperature-dependent 

effect during measurement. 

Table 3.6. Initial and final pH values for Mars brine cultures and abiotic controls (± standard error). 

Brine Inoculum Initial pH End point pH 

Contemporary 

Mars 

Paracoccus sp. strain KS1 6.75  6.28 (±0.06) 

Pseudogulbenkiania sp. strain 2002 6.75  6.39 (±0.07) 

Acidovorax sp. strain BoFeN1 6.75  6.21 (±0.03) 

Control 6.75  6.28 (±0.07) 

Sulfur-rich 

Paracoccus sp. strain KS1 6.69 5.85 (±0.02) 

Pseudogulbenkiania sp. strain 2002 6.69 5.86 (±0.02) 

Acidovorax sp. strain BoFeN1 6.69 5.76 (±0.05) 

Control 6.69 5.79 (±0.01) 

Haematite 

Slope 

Paracoccus sp. strain KS1 6.72 6.36 (±0.03) 

Pseudogulbenkiania sp. strain 2002 6.72 6.34 (±0.02) 

Acidovorax sp. strain BoFeN1 6.72 6.30 (±0.04) 

Control 6.72 6.31 (±0.02) 

Shergottite 

Paracoccus sp. strain KS1 7.00 6.70 (±0.01) 

Pseudogulbenkiania sp. strain 2002 7.00 6.74 (±0.06) 

Acidovorax sp. strain BoFeN1 7.00 6.63 (±0.03) 

Control 7.00 6.67 (±0.07) 
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3.3.4 Nitrate consumption and nitrite production 

Nitrite concentration correlates with microbial growth in both the CM and SG culture 

series (Figure 3.7), indicating a growth phase based on nitrate reduction (which produces 

biogenic nitrite as a metabolite). The nitrate concentrations at the end of the experiment 

(Figure 3.6) appear lowest in those cultures with the highest concentrations of nitrite and 

protein produced, indicating more extensive consumption of nitrate in growing cultures. 

However, this finding is limited by the minimal growth and the sensitivity of the nitrate 

measurement, which only revealed a significantly greater (p<0.05) consumption of nitrate 

by the Paracoccus sp. strain KS1 cultures relative to the abiotic control over the 10-day 

experiment. 
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Figure 3.6. Relative nitrate concentrations after 10 days in Rocknest, Paso Robles, Haematite Slope and 

Shergottite brines for Paracoccus sp. strain KS1 (KS1), Pseudogulbenkiania sp. strain 2002 (2002), 

Acidovorax sp. strain BoFeN1 (BoFeN1) and an abiotic control (Control) (± standard error). 
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In CM, the nitrite concentrations gradually increased from day 3 and 4 for  

Pseudogulbenkiania sp. strain 2002 and Acidovorax sp. strain BoFeN1 respectively. The 

maximum concentrations were 1.26 (±0.05) and 0.90 (±0.05) µM at day 7. There was no 

clear evidence of nitrite production by Paracoccus sp. strain KS1 in CM cultures. The 

consumption of nitrate in cultures reflects the extent of nitrite production, with 

Pseudogulbenkiania sp. strain 2002 and Acidovorax sp. strain BoFeN1 cultures at 85.8 % 

(±2.9) and 90.0 % (±3.1) of the initial values, respectively. This contrasts with the 

Paracoccus sp. strain KS1 cultures (97.7 % ±4.5) and control (97.4 % ±1.3), which were 

both higher. 

Nitrite concentrations in SG media increased for all three strains and reached maximum 

values of 3.10 (±0.13) µM in Paracoccus sp. strain KS1, 2.33 (±0.13) µM in 

Pseudogulbenkiania sp. strain 2002 and 2.39 (±0.34) µM in Acidovorax sp. strain BoFeN1, 

at day 7. No significant detections of nitrite were made in the control series. The most 

significant effect on the nitrate concentration was observed in Paracoccus sp. strain KS1 

SG cultures, which decreased to 79.2 % (±1.8) over the 10 days, which also produced the 

highest maximum protein concentration of any culture in the chemolithotrophic 

experiment. This was significantly lower (p<0.05) than the end point nitrate concentration 

of 99.0 % (±1.3) in the control.  

There were no significant differences in either nitrite or nitrate from the values of the 

abiotic controls, across the inoculated SR and HR cultures (p<0.05). Along with the lack of 

evidence for microbial growth in the protein data for SR and HR cultures, this finding 

suggests no growth by nitrate reduction to nitrite in the SR and HR media. 
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Figure 3.7. Nitrite concentrations over time in Rocknest, Paso Robles, Haematite Slope and Shergottite brines for Paracoccus sp. strain KS1, Pseudogulbenkiania sp. strain 

2002, Acidovorax sp. strain BoFeN1 and an abiotic control (± standard error). 
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3.3.5 Dissolved elemental composition 

In contrast to the results of Chapter 2, there were few significant differences in the 

concentration of dissolved Fe between cultures and abiotic controls after 10 days (Figure 

3.8). 

Immediately after inoculation, no significant differences in terms of Fe were found 

between the three strains or controls any of the media (Figure 3.9). The overall trend 

within SR and HR media was a decline of ~5.5-9 ppm Fe across all cultures and controls 

over 10 days. Decreases from the Fe concentrations at the point of inoculation were 

significant (p<0.05) in the control and Paracoccus sp. strain KS1 cultures for HR, and in 

all cultures and controls except Paracoccus sp. strain KS1 for the SR brine. 

There were no significant differences between the dissolved Fe concentration in the three 

strains and the abiotic controls in any of the media after 10 days, besides that between 

Acidovorax sp. strain BoFeN1 cultures and the abiotic control in HR (p<0.05). Given that 

there is no supporting evidence for growth or active metabolism in these cultures, it is 

reasonable to conclude that this solitary result is an outlier rather than an effect of 

microbial metabolism in Acidovorax sp. strain BoFeN1 HR cultures. 

There is a similar pattern across other metabolically important elements such as Mg, Mn 

and S, which show no significant removal from solution in biotic cultures relative to the 

controls at either point. There does appear to be an elevated Cu concentration in the SR 

(141.9 ± 112.3) and HR (45.6 ± 22.8 ppb) controls, relative to the biotic cultures 

immediately after inoculation, but the difference is not significant and outliers in the 

triplicate data (416.9 ppb in HR and 99.5 ppb in SR) may be primarily responsible.
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Figure 3.8. Dissolved elemental concentrations after 10 days in the martian simulant brines for Paracoccus sp. strain KS1, Pseudogulbenkiania sp. strain 2002, 

Acidovorax sp. strain BoFeN1 and an abiotic control (± standard error). *denotes that this column represents ppb. 
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Figure 3.9. Dissolved elemental concentrations immediately after inoculation in the martian simulant brines for Paracoccus sp. strain KS1, Pseudogulbenkiania sp. strain 

2002, Acidovorax sp. strain BoFeN1 and an abiotic control (± standard error). *denotes that this column represents ppb.  
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3.4 Discussion 

3.4.1 Microbial growth in martian chemical conditions 

It must be noted that the microbial growth in the chemolithotrophic experiment was carried 

out under autotrophic conditions. The trends in biomass production, nitrate consumption 

and nitrite production all indicate some growth for Pseudogulbenkiania sp. strain 2002 and 

Acidovorax sp. strain BoFeN1 in CM media, whereas all three NDFO strains have 

exhibited some growth in the SG media. The caveat to this is that the results from the 

protein and nitrite assays are at the lower limits of detection for those methods, 

demonstrating that these cultures are low-biomass even following an exponential growth 

phase. This could provide an explanation for the lack of discernible biological effects on 

the Fe oxidation state and dissolved elemental composition. While it is likely that some 

intracellular nutrients were carried over during inoculation despite the wash steps, it is 

unlikely that metabolism using these would be sufficient to allow for the sustained 

production of protein - and thus biomass - over the duration of the experiment. 

What is clear is the ability of Acidovorax sp. strain BoFeN1 to grow in CM brine, in the 

presence and absence of additional organics. The growth of this strain in the nutrient 

media-CM mixtures demonstrates that the brine itself is not prohibitive to the growth of 

NDFO strains. Meanwhile, cell counts from cultures show acetate is effective in promoting 

growth exceeding that observed in autotrophic conditions. The addition of Fe2+ in 

combination with acetate promoted further growth. This growth dependence on an organic 

co-substrate and the associated benefit of additional Fe2+ agrees with previously reported 

results for Acidovorax sp. strain BoFeN1 and other strains (Benz et al., 1998; Kappler et 

al., 2005; Muehe et al., 2009). 
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The successful autotrophic microbial colonisation of CM and SG media here has 

implications for NDFO metabolism on Mars, both geographically and through time.  

The Shergottite meteorites on which the SG brine is based, are proposed to be 

representative of the extensive basaltic terrains observed throughout martian history. With 

that in mind, the growth of all three strains in SG culture indicates that these environments 

would not inhibit the proliferation of NDFO microbes, when sufficient nitrate is present as 

a result of the formation mechanisms discussed in Chapter 1. This finding has implications 

for life at both the surface and in subsurface of early Mars, where basalts of this type have 

been abundant throughout history (Bertka and Fei, 1998; Bridges and Warren, 2006; Steele 

et al., 2012a).   

The CM brine is modelled originally from aeolian dust at Gale Crater and better represents 

the modern global composition of the weathered martian surface, so the growth of 

Pseudogulbenkiania sp. strain 2002 and Acidovorax sp. strain BoFeN1 could mean that 

any near-surface aqueous environment with regolith of this composition could host NDFO 

organisms. Considering indigenous microbes, the inhabitation of hypothetical modern 

fluids by NDFO microbes is made more relevant by the recent evidence for Amazonian 

hydrological activity (Adeli et al., 2016; Butcher et al., 2017). Butcher et al. (2017) 

described eskers, subglacial landforms caused by basal melting and subsequent erosion, 

revealed by retreating glaciers in areas of elevated geothermal heat flux. The existence of 

these features indicates that Mars has hosted large-scale mixing of meltwater with modern 

surface geology, potentially providing environments similar to the CM cultures in this 

experiment. 

This finding is also significant when considering issues around planetary protection. Most 

plans for human habitation on Mars include mining for water-ice from the near subsurface 
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(Linne et al., 2019); the energy introduced in this process could generate habitable liquid 

microenvironments for organisms carried on equipment from Earth. This potential forward 

contamination highlights the need for effective sterilisation procedures.  

3.4.2 Fe oxidation 

Despite evidence for growth and reduction of nitrate to nitrite (Figure 3.2, Figure 3.6 and 

Figure 3.7), growth is not associated with significant oxidation of Fe2+, which could be 

expected from active NDFO-based energy metabolisms in the growing cultures. For 

example, Weber et al. (2006b) observed that Pseudogulbenkiania sp. strain 2002 oxidised 

~2 mM Fe2+ - of a medium containing 10 mM Fe2+ - over 7 days during autotrophic 

growth. Acidovorax sp. strain BoFeN1 oxidised ~2 mM of 4 mM total Fe2+ during 

autotrophic culture over 20 days (Kappler et al., 2005). These studies included higher 

concentrations of both Fe2+ and nitrate than any of the media in the chemolithotrophic 

media tested here, which may account for some of the difference in the extent of Fe 2+ 

oxidation along with inhibitory growth effects of the martian simulant media. 

The statistically indistinguishable patterns of Fe oxidation state of inoculated cultures and 

controls within each of the four brine series suggest that the shifts observed over time in 

the Fe2+/Fetotal ratios are predominantly abiotic chemical processes. However, the mean Fe 

oxidation balances, in the biotic CM culture series showing evidence for microbial growth, 

appear more oxidised at the end of the experiment than the controls. Additionally, there 

were negative correlations between microbial growth and the Fe2+/Fetotal ratio relative to 

the control in CM cultures. This finding suggests that sufficient microbial growth by nitrate 

reduction to nitrate in this media could produce detectable patterns of Fe oxidation, if the 

link is causal. 
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It is possible that with a longer experiment duration or a more sensitive method for 

monitoring Fe oxidation state, that a significant trend of oxidation - relative to the controls 

- may be found. 

3.4.3 Abiotic acidification 

By the conclusion of the experiment, pH had dropped below the reported range (<6) for 

NDFO metabolism in the SR brine. More acidic pH reduces the energetic favourability of 

the redox potential NDFO couple (discussed in Chapter 1) for sustaining microbial growth 

and carbon fixation (Weber et al., 2006a). Therefore, it is unsurprising that the results of 

this experiment report no definite NDFO-based autotrophic growth in this brine. 

Acidification is a commonly observed effect of fermentative heterotrophic growth, due to 

the organic acids produced during metabolism (Madigan et al., 2008; Sauer et al., 2008). If 

microbes in anoxic growth medium were growing by fermentation prior to washing and 

inoculation into the chemolithotrophic media, there may logically have been some internal 

carry-over of biogenic acids. However, fermentation could not have continued in the 

chemolithotrophic media here due to the lack of organic carbon compounds as substrates. 

Additionally, the comparable acidification of controls indicates that this process is abiotic 

rather than a consequence of biogenic acids. 

The acidification observed is likely to be due to the reaction of the 10 % CO2 headspace 

component with water to form carbonic acid. The martian atmosphere is, and has been, 

primarily composed of CO2 throughout history, so the acidifying effects of this on long-

lived hydrological systems are important to note when considering habitability for pH-

dependent metabolisms such as NDFO. Indeed, acidified oceans (pH <6.2) have been 

proposed on early Mars as a consequence of a carbon dioxide (0.8-4 bar) atmosphere 

(Fairén et al., 2004). If true, these conditions would inhibit NDFO as a viable metabolism 
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across large swathes of early Mars. However, direct geochemical analysis of rocks in situ 

at Gale crater show that circumneutral systems did persist on early Mars (Grotzinger et al., 

2014a), particularly in the subsurface, where they could even be available today (Michalski 

et al., 2013).  

With this in mind, it may be appropriate to conduct future experiments of this type under 

an inert atmosphere, such as the pure N2 headspaces used in previous brine survival studies 

(Fox-Powell et al., 2016) to remove this effect. The CO2 in these experiments and in 

Chapter 2 was included as an inorganic carbon source for autotrophic growth by NDFO. 

However, the discovery of complex, endogenous organics at Gale crater (Eigenbrode et al., 

2018) has changed previous assumptions about the carbon sources available in early Mars 

environments and future work should be adapted to reflect these discoveries.   

3.4.4 Future Work 

The inhibition experiment showed that the CM brine components were not inhibitory to 

growth of Acidovorax sp. strain BoFeN1 in the presence of organic carbon sources and 

additional nutrients. Therefore, inhibition experiments should be conducted with the 

remaining three brines using the Acidovorax sp. strain BoFeN1 as well as other NDFO 

microorganisms. The habitability of the SR and HR brines are of particular interest, given 

the absence of growth in the autotrophic cultures here.  

Given the evident positive impact of an additional organic co-substrate to growth of in CM 

media, future experiments could incorporate organics at a range of concentrations, 

including those reported from Gale crater, Mars (10-100 nmol), present as thiophenic, 

aromatic, aliphatic and C1 and C2 sulfur molecules (Eigenbrode et al., 2018). A good 

analogue for martian surface organics may be to use material from carbonaceous 

chondrites as a carbon source, given the influx of carbonaceous meteorites to the martian 



126 

 

surface over time and prior evidence for Fe oxidation by NDFO bacteria in meteorites 

under experimental conditions (Yen et al., 2006; Gronstal et al., 2009). If extensive growth 

by mixotrophic NDFO is possible when using similar organic compounds to those detected 

on contemporary Mars as co-substrates, that growth may be associated with detectable Fe 

oxidation trends. In which case, application of the full analytical inventory described here, 

as well as the addition of scanning electron microscopy and mineralogical analyses to 

characterise the Fe3+ oxides produced in association with the cells, would further our 

understanding of the behaviour of NDFO strains under simulated martian conditions. 

3.4.5 Conclusions 

All three strains grew in the SG brine and two strains in the CM brine, based on combined 

protein, nitrite and nitrate data. However, there was no evidence of significant Fe oxidation 

or removal of soluble Fe from solution to form Fe3+ oxide precipitates in any of the 

cultures relative to the abiotic controls, suggesting that NDFO was not a dominant process 

in the brine chemistry in actively growing cultures. 

Addition of both complex organics and acetate (2 mM) as co-substrates allowed 

Acidovorax sp. strain BoFeN1 to grow more extensively in the CM brine. Further addition 

of Fe2+ (10 mM) to acetate-amended cultures accelerated growth relative to the acetate-

only cultures, suggesting that Fe2+ is a more effective electron donor in the presence of an 

organic co-substrate such as acetate.  

Therefore, some aqueous environments on Early Mars were likely habitable to NDFO 

microorganisms, but the presence of organics may have been required in order to 

metabolise efficiently enough so as to alter the Fe redox chemistry and leave detectable 

traces as biosignatures in the sedimentary record. 
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4.1 Introduction 

In order to truly assess the viability of nitrate-dependent Fe2+ oxidation (NDFO) on early 

Mars, it is first necessary to gain a greater understanding of the process in its terrestrial 

context. There is ongoing debate around the status of NDFO as a true metabolism, as 

opposed to a consequence of denitrification, which has no direct benefit to growth (Weber 

et al., 2006a; Hedrich et al., 2011).  

The mechanisms of NDFO have remained elusive since the process was first described 

(Straub et al., 1996). Several hypotheses have been advanced to account for both the 

oxidation of Fe during nitrate reduction and the reported associated benefit for growth 

(Temple and Colmer, 1951; Weber et al., 2006b; Blöthe and Roden, 2009; Weber et al., 

2009; Laufer et al., 2016b). Carlson et al. (2012) postulated that the energetic gain from 

NDFO metabolism for microorganisms is along a spectrum. At one end of the spectrum 

(most energetically beneficial) are microorganisms that efficiently accept electrons from 

Fe2+ for energetic gain; whilst managing the toxic effects of intracellular Fe2+ oxidation. At 

the other end of the spectrum (least energetically beneficial) are those that manage toxicity 

but gain no energetic benefit and those that oxidise Fe2+ inadvertently but suffer from 

energy metabolism inhibition and toxicity.  

Four mechanisms have been proposed that can energetically benefit microorganisms by 

Fe2+ oxidation coupled to nitrate reduction as shown in Figure 4.1 (Carlson et al., 2012). 

The most energetically beneficial mechanism would be a dedicated Fe2+ oxidoreductase, 

which would enzymatically catalyse the oxidation of Fe2+ to Fe3+.  This would result in the 

release and conservation of electrons for energy metabolism (Figure 4.1A). The second 

potential mechanism is that Fe2+ oxidation is catalysed by the secondary action of the 

respiratory nitrate reductase (Nar) enzyme, present in all denitrifying bacteria, which 
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provides a less efficient pathway for electron acquisition (Figure 4.1B). The final biotic 

mechanism that Carlson et al (2012) suggested is where a cytochrome bc1 complex accepts 

electrons from Fe2+ to reduce the quinone pool and generates a proton motive force by 

coupling to quinol dehydrogenase activity (Figure 4.1C). An alternative mechanism would 

be an abiotic reaction. This would entirely be due to abiotic interactions of Fe 2+ with the 

oxidised nitrogen species, such as nitrite, generated by microbial nitrate reduction . This 

could still lead to a growth benefit via electron sparing, whereby the removal of 

accumulated nitrite by Fe2+ results in accelerated proton translocation by respiratory 

complex I during heterotrophic nitrate reduction (Figure 4.1D). However, it is also possible 

that this nitrite-mediated Fe2+ oxidation would result in Fe3+ formation with no 

conservation of electrons and subsequently no energetic benefit for the cell.  

Several proteins have been proposed as mediators of enzymatic Fe2+ oxidation among 

NDFO species. A system of electron transfer from Fe2+ using a membrane cytochrome 

(Cyc2) and rusticyanin (rus) - described by Liu et al. (2011) - has been proposed to drive 

lithotrophic NDFO within two mixed denitrifying cultures and one NDFO strain (He et al., 

2016; He et al., 2017; Wang et al., 2020). Another involves a porin-cytochrome c protein 

complex (PCCC) - Pio/Mtr/MtoAB - which uses a cytochrome c (MtoA) embedded within 

a transmembrane porin (MtoB) in the outer membrane to shuttle electrons. Homologs for 

this system have been previously found in a NDFO microbe, Dechloromonas aromatica 

strain RCB (He et al., 2017). The PcoAB porin-periplasmic multicopper oxidase (MCO) 

complex is an alternative mechanism of electron transfer, structurally and functionally 

analogous to the PCCC system (He et al., 2017). OmpB and MofA are homologous Fe3+ 

and Mn oxidation MCOs, respectively. MofA/OmpB homologs, which may facilitate Fe2+ 

oxidation, have been identified in the Gallionellaceae sp. from the autotrophic KS mixed 

NDFO culture, as well as other aerobic Fe oxidisers (He et al., 2016; He et al., 2017). 
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Figure 4.1. Four possible mechanisms of Fe2+ electron donation for energetic benefit in NDFO (Carlson et 

al., 2012): (A) the action of a putative periplasmic oxidoreductase; (B) electron donation to the Nar nitrate 

reductase; (C) reduction of the quinone pool via cytochrome bc1;  (D) electron sparing by accelerated activity 

of the Nar respiratory nitrate reductase relative to other nitrogen oxide reductases. In each case nitrate is 

reduced by the action of the Nar enzyme. 

The presence of dedicated Fe2+ oxidoreductases and potential cytochrome bc1-based 

mechanisms in NDFO organisms can be assessed by the sequencing and analysis of 

genomes. The genome sequences of two of the four organisms used in Chapter 2, 

Thiobacillus denitrificans and Pseudogulbenkiania sp. strain 2002, have already been 

published (Beller et al., 2006; Byrne-Bailey et al., 2012); in the case of T. denitrificans, a 

number of cytochromes of unknown function were identified which could be related to 

NDFO (Beller et al., 2006). However, the wider genomic dataset among NDFO 

microorganisms is limited to only a few strains, the majority of which were investigated by 

He et al. (2017) for potential NDFO related genes. Therefore, the addition of draft 

genomes for Acidovorax sp. strain BoFeN1 and Paracoccus sp. strain KS1 will contribute 



131 

 

to both the investigations of this thesis and future metagenomic studies across NDFO 

strains. 

The influence of the Nar enzyme in NDFO can be examined by a knockout study, whereby 

a specific gene is deleted from the genome of an organism to investigate the effects of loss 

of function for the associated translated protein on a biological process. In this instance 

focusing on the contribution of Nar to NDFO. If Nar activity is the basis of, or a major 

contributor, to NDFO then all nitrate-reducing bacteria should be capable of the process as 

previously suggested by Carlson et al. (2013). For this reason, I chose Salmonella enterica 

Serovar Typhimurium strain SL1344 as a model organism for the knockout study, as a 

nitrate-reducing strain without prior reported evidence of NDFO. The comparison of the 

wild-type microorganism to a Nar knockout mutant under conditions promoting NDFO 

could be expected to reveal a disparity in the rate and extent of Fe oxidation.  

The overarching goal of this Chapter is to investigate three of these hypothetical 

underlying mechanisms of NDFO metabolism through culture-dependent and independent 

methods. 

This will be achieved by: 

1) Sequencing and comparing the genomes of two microorganisms used in Chapters 2 and 

3 (Acidovorax sp. strain BoFeN1 and Paracoccus sp. strain KS1) with previously 

published NDFO genomes to establish the presence or absence of common genes for 

putative oxidoreductases and systems of enzymatic Fe2+ oxidation using various analytical 

pipelines;  

2) Quantifying the contribution of the Nar enzyme to NDFO metabolism in a heterotrophic 

nitrate-reducing bacterium, Salmonella enterica Serovar Typhimurium strain SL1344 

(Hoiseth and Stocker, 1981) using a Nar gene knockout; 
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3) Assessing the contribution of nitrite accumulation and subsequent abiotic Fe2+ oxidation 

to NDFO by monitoring the effect of nitrite addition on Fe oxidation state in abiotic 

controls. 

4.2 Methods 

4.2.1 Genome analysis  

4.2.1.1 Strain source and maintenance 

The Acidovorax sp. strain BoFeN1 and Paracoccus sp. strain KS1, used in Chapters 2 & 3, 

were sourced from the Mineralogy, Material Physics and Cosmochemistry Institute 

(IMPMC) in Paris and the DSMZ culture collection in Leibniz, respectively. The two 

strains were maintained in pure culture in aerobic nutrient media (peptone 5 .0 g L-1, meat 

extract 3.0 g L-1) at 30 °C prior to DNA extraction and sequencing of the genomes. 

4.2.1.2 Draft genome sequencing and analysis 

DNA extraction and sequencing of the genomes from pure cultures was performed 

externally by MicrobesNG (https://microbesng.uk/) using the Illumina Miseq platform 

using 2x250bp paired-end reads. Trimmed reads were produced using Trimmomatic 

version 0.30 (http://www.usadellab.org/cms/?page=trimmomatic) with a sliding window 

quality cut-off of Q15 and de novo assembly performed using SPAdes version 3.7 

(http://cab.spbu.ru/software/spades/) (Bankevich et al., 2012; Bolger et al., 2014). 

Coverage of 30x was achieved during sequencing. Draft genome annotations were 

performed with the Rapid Annotation using Subsystem Technology (RAST) server version 

2.0 (http://rast.nmpdr.org/rast.cgi) via the Classic RAST pipeline (Aziz et al., 2008), Blast 

KEGG Orthology And Links Annotation (BlastKOALA) tool version 2.2 

(https://www.kegg.jp/blastkoala/) (Kanehisa et al., 2016) and using the NCBI Prokaryotic 

https://microbesng.uk/
http://www.usadellab.org/cms/?page=trimmomatic
http://cab.spbu.ru/software/spades/
http://rast.nmpdr.org/rast.cgi
https://www.kegg.jp/blastkoala/
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Genome Annotation Pipeline (PGAP) tool 

(https://www.ncbi.nlm.nih.gov/genome/annotation_prok/) (Tatusova et al., 2016; Haft et 

al., 2018). tRNAs were identified from the annotated genome using the Aragorn version 

1.1 tRNA detection program (http://mbio-serv2.mbioekol.lu.se/ARAGORN/) (Laslett and 

Canback, 2004).  

Annotated genomes produced by these tools were screened for recognised enzymes that 

may catalyse Fe2+ oxidation and for putative ferroxidases. Genes of interest were then 

converted to amino acid sequences and matched to known proteins on the NCBI database 

using the Basic Local Alignment Search Tool (BLAST) 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) protein program (Altschul et al., 1990). Finally, 

nucleotide sequences for genes proposed as drivers of enzymatic NDFO (He et al., 2017) 

were aligned with the draft genomes from this study and complete genomes of the 

Salmonella enterica Serovar Typhimurium strain SL1344 used in this Chapter and of 

known NDFO microorganisms using the nucleotide BLAST program. 

4.2.2 Nar enzyme knockout experiment 

4.2.2.1 Source and maintenance of microorganisms 

Cultures of Salmonella enterica Serovar Typhimurium strain SL1344 WT and the 

ΔnarGHIJ mutant, in which the nar genes coding for the Nar respiratory nitrate reductase 

enzyme are deleted, were donated by the Rowley lab at the University of East Anglia 

(Rowley et al., 2012). The complete genome of the SL1344 strain has been sequenced 

previously (Kröger et al., 2012) and the wild-type genome contains two copies of the Nar 

respiratory nitrate reductase, which are absent in the mutant. The SL1344 genome also 

contains genes for the Nap periplasmic nitrate reductase, which will remain unaffected in 

both wild type and the mutant strains. The Nap enzyme is located within the periplasm, 

https://www.ncbi.nlm.nih.gov/genome/annotation_prok/
http://mbio-serv2.mbioekol.lu.se/ARAGORN/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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unlike the transmembrane Nar enzyme, meaning Nap does not generate a proton motive 

force and thus does not contribute to ATP production (Kuypers et al., 2018). Therefore, the 

presence of this enzyme will not yield energy for growth as Nap is not able to generate a 

proton motive force (except when coupled to formate oxidation, which is not the case here) 

(Kern and Simon, 2009; Sparacino-Watkins et al., 2014). Indeed, the kinetics of nitrate 

reduction and nitrite accumulation in a Nap-deficient mutant of this strain were found to be 

not significantly different from the wild-type, further demonstrating the peripheral role of 

Nap in this organism (Rowley et al., 2012). 

The mutant was created Rowley et al. (2012) using the lambda red recombination method 

(Datsenko and Wanner, 2000) targeting the narG, narH, narI and narJ genes coding for 

subunits of the Nar nitrate reductase enzyme, which were replaced with a kanamycin-

resistance gene (Rowley et al., 2012). These strains were transported as agar stabs and 

maintained in aerobic LB (Lysogeny Broth) media (10 g L-1 tryptone, 10 g L-1 NaCl,          

5 g L-1 yeast extract) at 37°C. 

The vector pKD4, which was used to replace the narGHIJ genes, contains a kanamycin 

resistance gene. Therefore, screening for resistance to kanamycin (100 µg mL-1) was used 

to identify the mutant. 

4.2.3 Anaerobic growth 

Anaerobic cultures were prepared by growing the strains in anoxic LB media (general 

anaerobic techniques are discussed in Section 2.2.2) (Bertani, 1951). The medium was 

prepared by adding 10 g L-1 tryptone, 5 g L-1 yeast extract, 10 g L-1 NaCl to boiled distilled 

water, which was cooled under a continuous flow of N2 gas. A series of 10 mL aliquots 

were pipetted into Wheaton bottles under a continuous flow of N2, and then stoppered and 

crimped with aluminium seals. These were flushed with a 90:10 N2:CO2 gas mixture via 
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the butyl rubber septa, with an unconnected needle to allow excess pressure to escape. The 

medium was inoculated with 100 µl of the SL1344 WT or ΔnarGHIJ aerobic cultures 

using sterile syringes and needles, and incubated at 37 °C. 

4.2.3.1 Preparation and inoculation 

For the knockout experiment, triplicate cultures of SL1344 WT and SL1344 ΔnarGHIJ, an 

abiotic nitrite-amended control and a negative control series were prepared (Figure 4.2). 

Anoxic LB media (19.3 mL) was dispensed into 12 serum Wheaton bottles under an 

80:15:5 N2:CO2:H2 atmosphere in a COY anaerobic glove box. Nitrate was added to the 

SL1344 WT and ΔnarGHIJ cultures and to the abiotic control series, whilst nitrite was 

added to the abiotic nitrite-amended series. The final concertation of nitrate (or nitrite for 

the abiotic nitrite series) in the medium was 4 mM (400 µL of a 200 mM stocks solution of 

NaNO3 or NaNO2, respectively was added). The media were inoculated with 100 µL 

aliquots of the two strains (anaerobically grown SL1344 WT and ΔnarGHIJ) (4.2.3) and 

sterile LB media (abiotic nitrite-amended and nitrate control series). The final Fe2+ 

concentration in the medium was 10 mM (200 µL of a 1 M anoxic FeSO4 stock solution 

was added). The Wheaton bottles were sealed with a butyl rubber stoppers and aluminium 

crimping, before flushing with 90:10 N2:CO2 and incubation at 37°C (Figure 4.2).  
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Figure 4.2. Preparation of Nar enzyme knockout experiment. Anaerobic lysogeny broth (amended with 4 mM 

NO3
-) batch culture series are inoculated with either sterile LB (abiotic nitrite and nitrate control series), the 

wild-type (WT) or the Nar-deficient (ΔnarGHIJ) mutant SL1344 organism. One series is amended with 4 

mM NO2
- (Nitrite) and inoculated with sterile LB. All cultures and controls are amended with 10 mM Fe2+ 

following the inoculation step and incubated at 37°C for 14 days, with regular samples taken for chemical 

analyses. 
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4.2.3.2 Chemical analyses 

4.2.3.2.1 Sample collection 

From each of the Wheaton bottles, 1.5 mL of sample was aseptically collected using a 

sterile N2-flushed syringe at time-points of 0, 1, 2, 3, 4, 7 and 14 days, for chemical 

analysis. Unless otherwise stated, samples were sealed in 2 mL microcentrifuge tubes and 

stored at -20°C until removal for analysis. In addition, observations were made throughout 

the experiment regarding visible turbidity (indicating growth), precipitate formation and 

colour changes (associated with Fe oxidation). 

4.2.3.2.2 Ferrozine assay 

The ferrozine colourimetric assay (Stookey, 1970) was used to measure the reduced and 

total Fe concentration in the media. Incubation with HCl lyses cells and prevents abiotic 

oxidation of the Fe in the sample, allowing the Fe2+ concentration to be preserved for 

analysis. Hydroxylamine hydrochloride is added to a second sample along with HCl. This 

acts as a reducing agent, converting the Fe3+ present to Fe2+ and giving a representation of 

total Fe concentration in the cultures and controls. By comparing the Fe2+ and total Fe 

concentrations, we can determine the Fe2+/Fe3+ ratio at regular time points and thus the rate 

of Fe oxidation. 

For this analysis, 20 µL of medium was transferred immediately from the 1.5 ml main 

sample to two 1.5 mL microcentrifuge tubes, which contained 980 µL of 0.5 M HCl or 980 

µL 0.5 M HCl and 0.3 M hydroxylamine hydrochloride. The tubes were incubated at room 

temperature for a minimum of one hour and then refrigerated at 4 °C for later analysis.  

Ferrozine solution (1 g L-1 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid 

monosodium salt hydrate, 11.96 g L-1 HEPES) was prepared using milliQ water. 980 µL of 

ferrozine solution was added to 1 mL cuvettes and 20 µL of the HCl and hydroxylamine 



138 

 

hydrochloride digests was added and mixed by pipette. The optical density of the solution 

was measured using a Camspec M107 visible spectrophotometer at a wavelength of 592 

nm. 

Standards were prepared of 10 mM, 5 mM, 1 mM and 500 µM FeSO4 and 20 µL was 

mixed with 980 µL of 0.5 M HCl in 1.5 mL microcentrifuge tubes. Ferrozine solution was 

added to the standards in the same manner as the samples and the absorbance was read at 

592 nm. The standard curve was produced as a linear regression graph using Microsoft 

Excel and the line equation used to determine the Fe2+ concentration of the treated 

samples. 

4.2.3.2.3 Bradford protein assay 

The Bradford protein assay, described fully in Section 2.2.5, measured protein as a proxy 

for biomass production over the course of the experiment. This method was preferred to 

optical density measurements in monitoring growth because of the potential for the abiotic 

formation of Fe3+ oxide precipitates to give false positives. 

Samples of 500 µL from each bottle were mixed with 420 µL of Tamm reagent (0.14 M 

oxalic acid, 0.2 M ammonium oxalate), which dissolved the amorphous Fe-bearing phases 

and lysed the cells. The protein was precipitated by adding 160 µL of 6.1 N trichlo roacetic 

acid and the mixture centrifuged at 15, 500 × g for 30 minutes. The supernatant was 

removed via pipetting and the pellet (protein) resuspended in 500 µL 0.1 M NaOH. The 

resuspended protein was heated to 60 °C in a dry bath for 6 minutes in order to disrupt the 

secondary and tertiary structure of the proteins, allowing the dye to bind more effectively. 

As such, 250 µL of the sample was then mixed with an equal volume of Bradford reagent 

and the absorbance measured after 5 minutes in a Camspec M107 visible 
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spectrophotometer. γ-globulin was used as the protein standard, with 0 to 25 µg mL-1 

prepared in 0.1 M NaOH solution. Standard curves were calculated as per Appendix B.  

4.2.3.2.4 Griess reagent assay for nitrite 

The Griess reagent assay is a colourimetric method of determining nitrite ion concentration 

in a solution, whereby the reaction of sulfanilic acid with 1-naphthylamine to produce red-

pink azo compounds in the presence of nitrite ions is used as a proxy for nitrite 

concentration (Griess, 1879; Ivanov, 2004). 

For the assay, 100 µL of sample was centrifuged at 15,500 × g for 10 minutes to pellet the 

solid components and the supernatant (50 µL) was transferred into a well of a 96-well flat-

bottomed, optically clear ELISA microplate. 100 µL of 1 × Griess reagent solution 

(Sigma-Aldrich) was added to each well (150 µL total volume) and incubated at room 

temperature for 15 minutes. The absorbance was measured using a Bio-tek ELx808 

microplate reader with a 540 nm filter KC4 software used for data output (Figure 4.3).  

For this work, 100 µM, 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM and 1 µM NaNO2 standards 

were prepared by diluting 100 mM NaNO2 with 0.1 M NaOH solution. Standards were not 

centrifuged as there were no suspended solids to be removed. 

 

Figure 4.3. Griess regent assay for nitrite being carried out using a 96-well microplate, read in a  Bio-tek 

ELx808 microplate reader at 540 nm. 
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4.2.3.2.5 Nitrate measurement 

The concentration of nitrate ions was measured, prior to inoculation, in the nitrate-

amended media and in each of the inoculated cultures and controls at 14 days using an 

ELIT 0821 ion selective NO3- electrode and ELIT 003 lithium acetate reference electrode 

(Nico2000) connected to a conductivity meter (HANNA instruments). Standards of 10 µM, 

100 µM, 1 mM and 10 mM of NaNO3 where prepared by dissolving NaNO3 salt in milliQ 

water. A standard curve was prepared by plotting concentration against conductivity (mV). 

The nitrate concentration was determined using the line equation from the standard curve.  

4.3 Results 

4.3.1 Genome analysis 

The draft genome of strain Acidovorax sp. strain BoFeN1 consisted of 4.06 Mb in 184 

contigs (N50 = 37384), with a guanine-cytosine (GC) content of 63.77%. A total of 3,794 

protein-coding sequences were predicted from the annotated genome, with 50 tRNAs 

identified. The closest match (% sequence similarity) for the 16S rRNA gene was (as 

identified in the GenBank database, using the BlastN program 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi)) Acidovorax defluvii strain BSB411 (99% 

similarity; accession number NR_026506.1). The draft genome of Paracoccus sp. strain 

KS1 consisted of 4.16 Mb in 227 contigs (N50 = 36889), with a GC content of 67.69%. A 

total of 3,941 protein-coding sequences and 54 tRNAs were predicted from the annotated 

genome. The nearest 16S rRNA gene sequence was (as identified using BlastN) 

Paracoccus pantotrophus (100%; accession number AB098590.1). DDBJ/ENA/GenBank 

accession numbers have been assigned for Acidovorax sp. strain BoFeN1 

(QOZT00000000) and Paracoccus sp. strain KS1 (QOZU00000000). Raw sequencing 
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reads for Acidovorax sp. strain BoFeN1 (SRP157586) and Paracoccus sp. strain KS1 

(SRP157588) are available in the NCBI Sequence Read Archive. 

Mapping of protein sequences to the most closely related genomes available on RAST 

revealed greater conservation between Paracoccus sp. strain KS1 and Paracoccus 

denitrificans strain PD1222 (Figure 4.5) than between Acidovorax sp. strain BoFeN1 and 

Acidovorax sp. strain JS42 and Acidovorax avenae subsp. citrulli strain AAC00-1, albeit 

with some highly conserved regions between BoFeN1 and JS42 (Figure 4.4). The most 

highly conserved regions between KS1 and Paracoccus denitrificans were related to 

methanol utilisation, periplasmic permeases, iron binding and transport. The few highly 

conserved regions between BoFeN1 and JS42 included a ferrodoxin reductase and 

tellurium resistance genes. 

 

Figure 4.4. Protein sequence identity map of the Acidovorax sp. strain BoFeN1 genome against Acidovorax 

sp. strain JS42 (inner) and Acidovorax avenae subsp. citrulli strain AAC00-1 (outer). 
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Figure 4.5. Protein sequence identity map of the Paracoccus sp. strain KS1 genome against Paracoccus 

denitrificans strain PD1222. 

Full denitrification pathways were confirmed in both strains by the presence of nitrogen 

species reductase genes (nar, nir, nor, nos), with additional genes for a periplasmic nitrate 

reductase (nap) in the Paracoccus pantotrophus strain KS1 genome.  

Both genomes contain numerous genes coding for cytochrome b- and c-type proteins as 

well as for enzymes related to iron uptake and metabolism, as identified by the three 

pipelines used. RAST detected a dedicated ferroxidase in BoFeN1 and KS1, but this was 

not replicated by the other tools. The BlastKOALA and PGAP annotation identified a 

ferrous iron transport protein (feoAB) in BoFeN1, and BlastKOALA found the same 

putative oxidoreductase (KEGG orthology: K15977) in both strains. However, neither was 

found in the RAST annotation. Bacterioferritin was found in the annotations of both 

genomes produced by BlastKOALA and PGAP (but not RAST), including three and two 

copies respectively in BoFeN1. PGAP and RAST did find a single copy of an iron-binding 
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ferritin-like antioxidant protein in both genomes at locations not matching the position of 

the bacterioferritin genes. 

When the amino acid sequence for the RAST-identified ferroxidase was run through 

BLASTp, the protein was identified as “DNA starvation/stationary phase protection 

protein Dps”, a ferritin homolog which protects DNA by sequestering Fe ions (Grant et al., 

1998). Comparisons of the Fe redox and transport genes as identified by each annotation 

pipeline are shown in Table 4.1 and Table 4.2. 

Table 4.1. Fe redox and transport-related genes of interest in Acidovorax sp. strain BoFeN1 as identified in 

different genome annotation pipelines. 

Genes Function RAST BlastKOALA PGAP 

feoAB Fe2+ transport  ✓ ✓ 

Putative oxidoreductase Unknown  ✓  

hemH Ferrochelatase Heme production ✓ ✓ ✓ 

Ferroxidase Fe2+ oxidation ✓   

afuABC Fe3+ transport    

Bacterioferritin Fe2+ oxidation  ✓ ✓ 

Ferritin-like protein Fe2+ oxidation ✓  ✓ 

Ferric reductase Fe uptake   ✓ 

Iron ABC transporter 

permease 

Fe uptake ✓  ✓ 

 

Table 4.2. Fe redox and transport-related genes of interest in Paracoccus sp. strain KS1 as identified in 

different genome annotation pipelines. 

Genes Function RAST BlastKOALA PGAP 

feoAB Fe2+ transport    

Putative oxidoreductase Unknown  ✓  

hemH Ferrochelatase Heme production ✓ ✓ ✓ 

Ferroxidase Fe2+ oxidation ✓   

afuABC Fe3+ transport  ✓  

Bacterioferritin Fe2+ oxidation  ✓ ✓ 

Ferritin-like protein Fe2+ oxidation ✓   

Ferric reductase Fe uptake    

Iron ABC transporter 

permease 

Fe uptake ✓  ✓ 
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Hypothetical oxidoreductases and within the two draft genomes - as identified by the 

annotation pipelines - were translated to amino acid sequences and identified using 

BLASTp. In Acidovorax sp. strain BoFeN1, a cytochrome c4 and a transmembrane Fe 

permease were discovered. Cytochrome c4 enzymes have been implicated in the Fe2+ 

oxidation pathway in Thiobacillus ferrooxidans, an acidophilic Fe2+ oxidiser (Cavazza et 

al., 1996), while Fe permeases - such as FeoAB - are involved in efficient Fe uptake from 

the immediate environment (Cartron et al., 2006). BLASTp did not identify putative 

membrane-associated oxidoreductase and in Paracoccus sp. strain KS1, there were no 

putative oxidoreductases with relevance to Fe acquisition or oxidation. 

Nucleotide sequences coding for proteins of interest – those identified above and from 

proposed pathways of enzymatic Fe2+ oxidation in NDFO microorganisms (He et al., 2017) 

– were aligned against the draft genomes described here and other complete NDFO 

genomes. Neither cyc2, nor rus, nor significantly similar genes were identified in the 

sequenced or existing NDFO genomes analysed here. Both Paracoccus sp. strain KS1 and 

T. denitrificans returned significant hits for pioAB and mofA gene homologs and pcoAB 

returned a significant hit within the T. denitrificans genome. These results are summarised 

in Table 4.3.
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Table 4.3. Fe redox and transport related genes identified across NDFO genomes sourced from this study and NCBI. 

Genes Function KS1 BoFeN1 2002 T. denitrificans SL1344 F. placidus A. oryzae PS 

feoAB Fe2+ transport  ✓   ✓ ✓ ✓ 

Putative oxidoreductase Unknown ✓ ✓ ✓    ✓ 

hemH Ferrochelatase Heme production ✓ ✓ ✓ ✓ ✓  ✓ 

Ferroxidase Fe2+ oxidation ✓ ✓ ✓     

afuABC Fe3+ transport ✓       

Bacterioferritin Fe2+ oxidation ✓ ✓ ✓ ✓ ✓  ✓ 

Ferritin Fe2+ oxidation      ✓ ✓ 

Ferritin-like protein Fe2+ oxidation ✓ ✓ ✓ ✓ ✓  ✓ 

Ferric reductase Fe uptake  ✓ ✓  ✓  ✓ 

Iron ABC transporter permease Fe uptake ✓ ✓ ✓ ✓  ✓ ✓ 

fieF Fe2+ efflux     ✓   

pio/mto/mtrAB Fe2+ oxidation ✓   ✓    

cyc2-rus Fe2+ oxidation        

ompB/mofA Metal oxidation ✓   ✓    

pcoAB Fe2+ oxidation    ✓    
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4.3.2 Nar knockout and abiotic nitrite experiments 

The effect of the Nar enzyme on microbial growth and NDFO was investigated in the 

nitrate-reducing bacterium Salmonella enterica Serovar Typhimurum strain SL1344. This 

was assessed by comparing visible changes, protein concentration, Fe2+/Fe3+ ratio and 

dissolved elemental composition during growth of the wild-type and a mutant lacking Nar 

enzyme production. 

4.3.2.1 Visual observations 

The progression of colour change of the blank medium from yellow to orange-brown (an 

indication of Fe3+ oxide formation) was the first observable difference between the four 

series during the experiment (Figure 4.6). At day 1, the nitrite-amended controls had 

become orange in colouration in comparison with the yellow of the other series, but this 

faded marginally at day 2, whereas an orange-brown colouration developed in the SL1344 

WT cultures at day 2 and persisted throughout the remaining time points. Some slight 

orange-yellow colouration was observed in the liquid phase of the SL1344 ΔnarGHIJ 

cultures at day 2 which gradually became less pronounced towards the end of the 

experiment. No colour change was observed in the nitrate control series.  
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Figure 4.6. SL1344 WT, SL1344 ΔnarGHIJ, nitrite-amended and control culture series at days 1-14. Orange 

colouration seen throughout in nitrite-amended series, developing from day 2 in SL1344 WT series. 

Turbidity evident from day 2 in SL1344 WT and ΔnarGHIJ series. 

 

Both the SL1344 WT and ΔnarGHIJ culture series initially showed turbidity at day 2, 

which persisted at days 3 and 4 but became less intense thereafter, with the media column 

in two out of the three SL1344 WT cultures almost clear at day 14 (Figure 4.7). No 

turbidity was observed in either the abiotic nitrite-amended or nitrate control series. 
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Figure 4.7. SL1344 WT and ΔnarGHIJ cultures at day 7 and 14, displaying an accumulation of material at 

the base of the cultures. Wrinkling indicated by white arrow. 

Though turbidity appeared to decrease at days 7 and 14 in the SL1344 WT and ΔnarGHIJ 

cultures, orange or orange-yellow precipitate, respectively, accumulated at the base of the 

cultures towards the end of the experiment and formed a continuous layer by day 14. The 

precipitate displayed some wrinkling and mild elasticity when disturbed for sampling 

(Figure 4.7). 

4.3.2.2 Microbial growth 

Growth of the SL1344 WT and ΔnarGHIJ strains was monitored throughout the 

experiment using the Bradford protein assay. Figure 4.8 demonstrates the mean protein 

concentration (normalised to the blank medium) for the two strains and the nitrate control. 

Both strains entered the exponential growth phase between inoculation and the first time 

point, displaying sharp increases in protein concentration over the first two days of the 

experiment. For both strains, the protein concentration plateaued after two days at 
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approximately 35 µg mL-1 and remained relatively constant, suggesting that the cells had 

reached stationary phase. By contrast, no notable variation was observed in the nitrite-

amended control series from the protein concentration in the blank medium, remaining    

<3 µg mL-1.  

Given that turbidity - which might indicate contamination - was not observed in either 

abiotic series, it can be surmised that the ~5 µg mL-1 normalised baseline for protein 

concentration measured at day 0 in all culture series (Appendix C) is attributable to 

proteinaceous components of the LB media, yeast extract and tryptone. 

From the results of the protein assay (Figure 4.8) and turbidity observations (Figure 4.6), 

clear growth is evident in both strains, with the wrinkled and elastic layers (Figure 4.7) 

forming at a later time point. This suggests the formation of biofilms (Serra et al., 2013; 

Cairns et al., 2014).  

4.3.2.3 Nitrite concentration  

The Griess assay was used to measure the production of nitrite through biological nitrate 

reduction and the depletion of nitrite due to abiotic reactions in the nitrite-amended control 

series (Figure 4.9). In the SL1344 WT cultures, the nitrite concentration increased rapidly 

between day 1 and day 2 where the concentration peaked at 132.4 µM (±15.2), coinciding 

with the end of the exponential growth phase in both strains and linking growth phase to 

nitrate reduction in these organisms. 

The concentration then gradually declined to 41.1 µM during the stationary growth phase 

and remained below 50 µM until the end of the experiment. The SL1344 ΔnarGHIJ 

cultures followed the same trend as the WT cultures, albeit a lower concentration of nitrite 

(65.9 µM ± 3.0) was measured at day 2 followed by a gradual decline continuing to 7.7 

µM (±0.3) at day 14. 
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The nitrite concentration in the nitrite controls, decreased from a 4 mM initial 

concentration to 89.4 µM (±4.3) at day 1 and eventually to 15.6 µM (±1.2) by day 14, as 

shown in Figure 4.9. This suggests a period of rapid abiotic reactions after which the nitrite 

concentration became a limiting factor and slowed the subsequent reaction rate. Though 

Fe2+ was depleted between day 0 and 1, this reactant was not rate-limiting at later 

timepoints when the Fe2+/Fetotal ratio was between 0.7.and 0.8 (Figure 4.9). 

The nitrite in the abiotic control series remained around 1 µM throughout, near the lower 

detection limit of the assay, indicating abiotic oxidation of Fe2+ by nitrate was minimal or 

absent.
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Figure 4.8. Protein concentration over time for SL1344 WT (filled circles), SL1344 ΔnarGHIJ (filled squares) and abiotic nitrite-amended (open triangles) series. Values 

are normalised against the blank medium. Error bars represent ±SE.
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Figure 4.9. Fe2+/Fetotal (open symbols, dotted lines) and nitrite (filled symbols, solid lines) ion concentration over time for SL1344 WT (circles), SL1344 ΔnarGHIJ 

(squares), abiotic nitrite-amended (triangles) and control (diamonds) series. NO2
- value at day 0 for the nitrite-amended series was 4 mM = 4000 µM. Error bars represent 

±SE.
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4.3.2.4 Fe oxidation state 

The Ferrozine assay tracked the ratio of Fe2+ to Fetotal and thus the oxidation state of the Fe 

present in cultures and controls throughout the 14-day experimental period (Figure 4.9). 

For example, an Fe2+/Fetotal value of 1 indicates 100% Fe2+, whereas 0.5 indicates 50% Fe2+ 

and 50% Fe3+. 

There was an immediate decrease in the Fe2+/Fetotal ratio from 1 to 0.38 (±0.02) after the 

first 24 hours in the nitrite-amended abiotic series, which indicates that 62% of the Fe was 

oxidised at this point, approximately agreeing with the extent of abiotic Fe2+ oxidation 

achieved by 4 mM nitrite under acidic conditions as reported by Klueglein and Kappler 

(2013). The Fe2+/Fetotal ratio then recovered to 0.75 (±0.02) by day 3 and did not change 

significantly throughout the remaining time points. After the depletion of nitrite from 4 

mM to <50 µM by day 2, it is likely that Fe2+ oxidation by the remaining nitrite was 

overtaken by the rate at which Fe3+ was abiotically reduced by organic components in the 

LB media. 

Fe oxidation (Figure 4.9) progressed until day 3 in SL1344 WT cultures before stabilising 

at an Fe2+/Fetotal value of 0.52 (±0.01), with a minor reversal to 0.61 (±0.02) by day 14. The 

continued increase in Fe3+ after the nitrite peak at day 2 in SL1344 WT cultures could be 

because the rate of Fe oxidation by nitrite ions at micromolar concentrations continued to 

exceed abiotic reduction until a dynamic equilibrium was reached. Biogenic nitrite ions 

were rapidly produced during growth between day 1 and day 2, in excess of the abiotic 

oxidation rate. When growth slowed, so did the production of nitrite ions, which began  to 

deplete by further oxidising dissolved Fe2+ up to day 3. After this point, the reducing media 

and oxidation from the continued Nar-driven supply of nitrite reached an equilibrium, 

allowing Fe to remain partially oxidised even under reducing conditions.   
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In contrast, exponential growth of the SL1344 ΔnarGHIJ knock out mutant caused the 

Fe2+/Fetotal ratio to decrease from 1 to 0.78 (±0.01) between day 0 and day 2. The ratio then 

increased again to 0.91 (±0.03) at day 3 and was at 0.95 (±0.03) by the conclusion of the 

experiment, providing an inverse of the trend in nitrite accumulation for that organism. 

The Fe2+/Fetotal ratio in the abiotic control series remained between 1 (±0.02) and 0.95 

(±0.05) throughout the experiment. 

4.3.2.5 Nitrate Depletion 

Over the 14 days, the nitrate concentration in the SL1344 WT cultures depleted by 56.9% 

(±1.7%) relative to the 4 mM starting concentration (Figure 4.10). The depletion over the 

same period was 19.7% (±3.7%) for the SL1344 ΔnarGHIJ series and 4.0% (±1.0%) in the 

control.  

The nitrate depletion correlates proportionally to the extent of nitrite production in the 

same cultures, providing further evidence for both microbial nitrate reduction and the 

partial inhibition of this process in the nar-deficient mutant. Nitrate consumption and 

nitrite production, but not growth, also mirrored the Fe2+ oxidation observed in each series 

in the SL1344 WT and ΔnarGHIJ series. This indicates that microbial nitrate reduction 

and Fe2+ oxidation are intrinsically linked to one another in this instance, but not to 

increased biomass production.  

The nitrite-amended control series is not shown as no nitrate was present in the initial 

media composition. 
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Figure 4.10. End-point nitrate concentrations as a percentage of the initial media concentration (4 mM) by 
culture series Salmonella enterica Serovar Typhimurium strain SL1344 wild-type (SL1344 WT), ΔnarGHIJ 

(SL1344 ΔnarGHIJ) and the control. Error bars represent ±SE. 
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4.4 Discussion 

This Chapter has investigated three of the proposed mechanisms of microbial NDFO. 

Genome analysis was used to search for evidence of a hypothesised dedicated Fe 2+ 

oxidoreductase which would allow conservation of electrons from Fe2+ for ATP generation 

and growth. The knockout study assessed the importance of the Nar respiratory nitrate 

reductase in NDFO and whether this enzyme could drive growth based on electrons 

directly donated from Fe2+. Finally, the involvement of abiotic reactions between biogenic 

nitrite and Fe2+ was quantified in a parallel series by monitoring Fe oxidation states when 

spiked with nitrite. 

4.4.1 Hypothesis 1 – enzymatic Fe2+ oxidation 

To investigate the enzymatic hypotheses of NDFO illustrated in Figure 4.1A and C, 

existing genomes from NDFO strains were examined and two new draft genomes were 

sequenced.  

Multiple enzymes associated with the control of the redox state and transport of iron are 

present in both published and newly-sequenced genomes, suggesting that an 

enzymatically-mediated mechanism NDFO in these organisms remains a possibility. 

Ferroxidases (also known as Fe2+: oxygen oxidoreductases) were identified in both KS1 

and BoFeN1 genomes by RAST, as well as in the annotated genome for 

Pseudogulbenkiania sp. strain 2002. These three strains were shown to grow under 

autotrophic conditions in Chapter 2. Ferroxidase enzymes catalyse the oxidation of Fe2+ by 

oxygen (Sarkar et al., 2003). This confirms that some enzymatic means of Fe2+ oxidation 

exists in both KS1 and BoFeN1, albeit linked to oxygen rather than nitrate. However, the 

primary function of Dps – the protein identified to the ferroxidases through BLAST – is to 

bind and protect DNA by catalysing Fe2+ oxidation as a detoxification strategy (Ren et al., 
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2003). It is not clear, therefore, whether the release of electrons during this process would 

contribute to the electron transport chain at the periplasm. Other enzymes with ferroxidase 

activity include bacterioferritin (Andrews, 1998), identified in both strains by 

BlastKOALA and PGAP. However, ferritin proteins are a near-universal system of Fe 

storage among all three domains of life and cannot be specifically correlated to NDFO 

(Seckback, 1982; Theil, 2004). Indeed, bacterioferritin or ferritin protein genes were found 

in every NDFO genome available, including both bacterial and archaeal genomes. 

Finding the same putative oxidoreductase in both draft genomes, along with 

Pseudogulbenkiania sp. strain 2002 and Azospira oryzae strain PS, is noteworthy in 

screening for a common mechanism across NDFO organisms. However, this gene does not 

appear to be linked to Fe2+ oxidation based on the function of the surrounding coding 

regions in the organisms in which it was characterised (Töwe et al., 2007; Van Duy et al., 

2007). 

The presence of ferric reductase in the BoFeN1 genome hints at Fe3+ reduction capability 

for respiratory or assimilatory purposes in this organism. The BoFeN1 genome also 

contains multiple genes for flavin reductases, which are the most common form of enzyme 

with ferric reductase activity (Schröder et al., 2003).  

Disparities between multiple annotations of the same draft genome are not uncommon 

because of the different analytical pipelines and databases used, therefore it is unsurprising 

that the RAST, BlastKOALA and PGAP tools feature some differences. Additionally, the 

investigation of draft genomes always carries a risk that some genes may be split over two 

contigs. This disruption of sequences can result in annotation programs missing otherwise 

recognisable genes. This problem is mitigated in complete prokaryotic genomes, where 

contig ends are matched to provide a fully closed chromosome. 
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Using available genomes of NDFO microorganisms, it is possible to gain a broader context 

for the commonality of the iron redox and transport-related genes identified in the genomes 

of KS1 and BoFeN1 here. It is evident that there is a common presence for ferroxidase 

genes and orthologous ferritin and bacterioferritin, which can catalyse the oxidation of Fe2+ 

to Fe3+ (Le Brun et al., 1995) across the strains shown to grow autotrophically in the 

experiments of Chapter 2. 

Among the NDFO genomes analysed here, T. denitrificans and Paracoccus sp. strain KS1 

were the only organisms to return significant hits for genes identified in the potential 

electron transfer systems for NDFO put forward by He et al. (2017). In the absence of 

other candidate mechanisms for autotrophic growth by NDFO in Paracoccus sp. strain 

KS1, it can be proposed that one or a combination of the MtoAB and MofA systems may 

allow for enzymatic Fe2+ oxidation in this strain.  

If these are indeed the underlying mechanisms of enzymatic NDFO, it is unexpected that 

the genomes of neither Acidovorax sp. strain BoFeN1 nor Pseudogulbenkiania sp. strain 

2002 -both of which grew autotrophically in Chapters 2 and 3 – appear to contain these 

genes. It is possible, then, that NDFO in these organisms is reliant upon a system of 

electron acquisition and transfer from Fe2+ that remains undetermined. The discovery of an 

uncharacterised membrane-associated oxidoreductase and cytochrome c4-family enzymes 

within the draft genome of Acidovorax sp. strain BoFeN1 suggests there is yet more to be 

discovered regarding enzyme-mediated mechanisms of lithoautotrophic NDFO. 

4.4.2 Hypothesis 2 – electron donation from Fe2+ to the Nar enzyme 

If NDFO were linked by direct electron donation to Nar from Fe2+ as hypothesised, it 

should be expected that the WT cultures would have generated greater biomass than the 

ΔnarGHIJ cultures, in proportion to the consumption of nitrate and oxidation of Fe2+. The 
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concentrations of biomass in SL1344 WT and ΔnarGHIJ cultures are comparable 

throughout the growth experiment. However, Fe oxidation progressed to a significantly 

greater extent in the WT series than in ΔnarGHIJ (Figure 4.9), which suggests that NDFO 

is not linked to growth of SL1344 in this experiment.  

The explanation for the similar trends of Fe oxidation and nitrite accumulation between the 

SL1344 WT and ΔnarGHIJ series could be that the periplasmic nitrate reductase capacity 

in the ΔnarGHIJ mutant still allows for some accumulation of nitrite and oxidation of Fe2+ 

during the exponential growth phase up to day 2. After this point,qs the abiotic oxidation 

of Fe2+ by nitrite outstrips nitrite production in the stationary phase culture and Fe2+ is 

abiotically reduced to Fe3+ as described for the nitrite-amended series. Whereas, the 

undiminished nitrate reducing ability of the SL1344 WT allowed the stationary phase 

culture to maintain 40-50 µM nitrite in solution between day 3 and 14, a sufficient 

concentration to reach dynamic equilibrium with the abiotic Fe3+ reduction processes. 

Given the absence of Nar and the presence of only the Nap periplasmic nitrate reductase in 

SL1344 ΔnarGHIJ, Nap activity may be linked to the exponential growth phase and nitrite 

production is stopped or slowed in stationary phase to such an extent that abiotic reactions 

with Fe2+ consume the remaining nitrite in a correlation with the depletion of the abiotic 

nitrite-amended control.  

4.4.3 Hypothesis 3 – abiotic reactions of Fe2+ with biogenic nitrite 

Nitrite ion accumulation (Figure 4.9) peaked at day 2 for both SL1344 cultures, suggesting 

biogenic nitrite production is associated with the exponential growth phase. The nitrite 

concentration continuously fell after day 2 in SL1344 ΔnarGHIJ cultures until the end 

point, which tracked the depletion of nitrite ions of the abiotic nitrite-amended control 

series. This indicates that the biological mechanism for nitrite formation (Nap) was 
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reduced beyond day 2 in the SL1344 ΔnarGHIJ cultures, whereas the nitrite was 

continually produced after day 4 in the SL1344 WT cultures. The plateau in nitrite 

concentration after day 4 in SL1344 WT contrasts with depletion in the abiotic nitrite-

amended series and necessitates a continually active formation mechanism in stationary 

phase. In this case, that mechanism is likely to be respiratory nitrate reduction catalysed by 

the Nar enzyme.  

The persistent partial oxidation of Fe in the presence of the SL1344 WT organism suggests 

that it is the presence and activity of Nar as a source of nitrite ions that drives the greater 

extent of observed NDFO, compared with SL1344 ΔnarGHIJ, in this experiment. In the 

absence of evidence for the other hypotheses in this organism, nitrite-mediated oxidation is 

likely to be the sole or dominant mechanism for the Fe2+ oxidation observed. 

4.4.4 The overall picture 

From the combined results of this experiment, it is possible to say that the activity of the 

Nar respiratory nitrate reductase, via the production of nitrite ions, contributes to Fe 

oxidation and maintenance of Fe3+ under chemically reducing conditions that favour the 

existence of Fe2+. This result has several implications, first among which is the 

confirmation that the interaction of biogenic nitrites with Fe2+ ions is likely to be a key 

contributor to NDFO. This supports previous findings in suggesting that all nitrate-

reducing species are likely capable of NDFO (Carlson et al., 2013) via the abiotic reaction 

of nitrite with Fe2+ (Klueglein and Kappler, 2013; Klueglein et al., 2014; Klüglein et al., 

2015). Taken together with the protein measurements, which showed parallel growth in 

SL1344 WT and ΔnarGHIJ, this study does not support a growth benefit from Fe 

oxidation in this species or others with the same mechanism of NDFO. This is in contrast 

to previous studies (Hafenbradl et al., 1996; Straub et al., 1996; Weber et al., 2006b) and 
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indicates another mechanism is at play if chemolithoautotrophic growth by NDFO is a true 

phenomenon, as suggested by the results of Chapter 2. 

4.4.5 The martian perspective 

The relevance of these results within the context of early martian environments is that 

NDFO, in the form exhibited here by SL1344, would not be able to drive 

chemolithotrophic primary production as proposed in Chapter 1. However, this does not 

remove the potential for NDFO to be a mechanism of Fe3+ production and associated 

biomineralisation under reducing conditions. Heterotrophic nitrate reducers utilising the 

endogenous organic carbon sources within the martian surface and near-subsurface 

environments (Eigenbrode et al., 2018) would still produce biogenic nitrite, which is 

shown here to be an effective oxidant of Fe2+ under reducing conditions. 

Further, the identification of numerous established and candidate iron redox proteins across 

the KS1 and BoFeN1 draft genomes and other previously published NDFO genomes 

ensures that a mechanism of electron conservation from NDFO that could have driven 

microbial growth on past Mars. More extensive experimental analysis is required in order 

to fully investigate those potential metabolic pathways. 

4.4.6 Future work 

In terms of finding common Fe redox-related genes, new tools currently in development, 

such as FeGenie (Garber et al., 2019), which specifically targets iron metabolic pathways 

in genomes, and metagenomic datasets will greatly enhance capability for comparative 

genomic analyses among distantly related NDFO microorganisms.  

The genes of interest identified here could be targeted by future knockout experiments in 

species reported by other studies to grow lithotrophically using NDFO, such as 

Pseudogulbenkiania sp. strain 2002 (Weber et al., 2006b). An attempt to silence NDFO 
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has been attempted for the closely-related Pseudogulbenkiania sp. strain NH8B using 

transposon mutagenesis, without success (Ishii et al., 2016). 

The conclusions of the knockout experiment are limited by the presence of an alternative 

nitrate reductase (Nap) in the genome of SL1344, which complicates the interpretation of 

results. The SL1344 wild-type genome contains two copies of the narGHIJ genes coding 

for the Nar respiratory nitrate reductase and napABCDFGH for the Nap periplasmic nitrate 

reductase. Though the nar genes have been deleted in the SL1344 mutant used in the 

knockout experiment, the nap operon remains intact. The activity of NapA, the terminal 

reductase can be linked to respiration by nitrate reduction by the presence of NapC and 

NapH quinone oxidases (Sparacino-Watkins et al., 2014), the genes for which are present 

in the SL1344 genome. It is possible then, that the knockout mutant could have retained 

some capacity for respiratory nitrate reduction without ATP generation, as has been 

suggested previously (Jepson et al., 2007). A future experiment could create a knockout 

mutant from a strain with no alternative nitrate reductase capabilities in order to fully 

isolate the impact of the loss of nitrate reductase activity on Fe2+ oxidation. 

Additionally, the SL1344 is not previously described as performing NDFO in the 

environment and requires rich media for growth. To make more robust conclusions about 

the role of Nar in NDFO under more environmentally relevant conditions, it would be 

preferable to create a Nar knockout from one of the strains previously reported to conduct 

NDFO under autotrophic conditions. 
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4.4.7 Conclusions 

Multiple NDFO microbe genomes contain genes coding for enzymes potentially capable of 

catalysing Fe2+ oxidation. Therefore, the proposed involvement of direct enzymatic activity 

in the donation of electrons to microbial energy metabolism during NDFO for some 

organisms cannot yet be ruled out. Future knockout experiments should target these genes 

of interest to investigate the effect upon growth rate and NDFO in these species.  

The deletion of narGHIJ genes, which code for the Nar respiratory nitrate reductase, 

inhibited the oxidation of Fe2+ but not growth in the nitrate-reducing bacterium Salmonella 

enterica Serovar Typhimurium strain SL1344 relative to a wild-type of this strain under 

heterotrophic conditions. The presence of a Nap periplasmic nitrate reductase in the 

SL1344 genome allowed nitrate reduction to occur in the SL1344 ΔnarGHIJ knockout 

mutant to a lesser extent than in SL1344 WT, mirrored in a smaller Fe2+/Fetotal shift 

indicating a limited amount of oxidation. The increased extent of Fe2+ oxidation in the 

presence of Nar supports the integral involvement of this enzyme in NDFO. However, the 

lack of divergence in biomass production between the wild-type and mutant suggest that 

there was no direct electron donation from Fe2+ to Nar for respiration in this example. 

Therefore, the most likely explanation for the role of Nar in NDFO here is the production 

of nitrite ions which subsequently oxidise Fe2+ abiotically. 

Addition of abiotic nitrite can produce similar extents of Fe2+oxidation as the growth of 

NDFO strains under anaerobic heterotrophic conditions. Together with the results of the 

Nar knockout study, this suggests NDFO observed in heterotrophic species with no growth 

benefit is likely to be predominantly due to the abiotic reaction of biogenic nitrite with Fe 2+ 

ions. 
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5. Discussion and Future Work 
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This thesis has assessed the ability of nitrate dependent Fe2+ oxidation (NDFO) metabolism, 

driven by the redox pairing of Fe2+ oxidation and nitrate reduction, to support life in the 

context of early martian environments. The work undertaken examined: 

1) The underlying mechanisms of NDFO energy metabolism and therefore the feasibility for 

NDFO-based primary production to drive an early martian biosphere.  

2) The ability of nitrate-dependent Fe2+ oxidising (NDFO) strains to utilise Fe2+ for growth 

from a Mars-relevant mineral substrate.  

3) The capability of NDFO strains to metabolise and grow under the simulated chemical 

conditions of ancient martian fluids. 

4) The extent of biomineralisation processes associated with NDFO growth in the above 

conditions as a formation mechanism for morphological biomarkers. 

5.1 Biochemical mechanisms of NDFO 

Though NDFO has been recognised since the 1990s (Hafenbradl et al., 1996; Straub et al., 

1996), the underlying biochemical mechanisms have been an ongoing source of 

controversy with multiple competing hypotheses for the putative pathway of electron 

transfer (Carlson et al., 2012). The results of this thesis add to the growing body of 

literature that seeks to elucidate these biochemical pathways and the contribution of the 

Fe2+ oxidation half-reaction to microbial energy metabolism. 

A nitrate reductase gene knockout study - using Salmonella enterica serovar Typhimurium 

strain SL1344 - revealed that NDFO is a side effect of heterotrophic nitrate reduction. In 

this organism, nitrite ions – produced by nitrate reductases - abiotically oxidise dissolved 

Fe2+ as suggested in previous studies (Klueglein and Kappler, 2013; Klueglein et al., 2014; 

Klüglein et al., 2015; Ishii et al., 2016). This conclusion agrees with the prediction of 
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Carlson et al. (2012) that all nitrate reducers may be innately capable of Fe2+ oxidation, 

which has also been supported by studies in other species (Carlson et al., 2013). It should 

be noted that the secondary nitrate reductase (Nap) present in the SL1344 strain and life 

cycle as a mammalian pathogen limits the usefulness of this strain as a model organism, 

and this could be substituted in future NDFO studies. 

The hypothesis that NDFO-based energy metabolism can be driven by direct donation of 

electrons from Fe2+ to the Nar respiratory nitrate reductase was not supported by the 

knockout study in Chapter 4. NDFO was inhibited in the mutated SL1344 strain lacking 

Nar, whereas growth rate was comparable to the wild-type organism, thereby 

demonstrating that Nar was not a route for electrons entering the transport chain within the 

SL1344 strain used. There is some evidence to suggest that the Nar enzyme can still 

contribute directly to oxidation, without retaining electrons for energy metabolism 

(Carlson et al., 2013), though the efficient oxidation of Fe2+ by an abiotic nitrite control - 

and mirrored patterns of nitrite accumulation and Fe2+ oxidation - suggest that nitrite 

reactions are the dominant mechanism in the Chapter 4 knockout study. 

Despite the findings of the knockout study, investigations of newly-sequenced NDFO 

genomes – Acidovorax sp. strain BoFeN1 and Paracoccus sp. strain KS1 - identified 

several genes potentially linked to a Fe2+ oxidation mechanism in strains which appeared 

to grow autotrophically by NDFO. This suggests that a direct enzymatic Fe2+ oxidation 

pathway is possible for some NDFO strains, but this requires more extensive investigation.  

A mechanism involving electron donation between a membrane cytochrome (cyc2) and 

rusticyanin (rus) has been described by Liu et al. (2011) and is proposed to drive 

lithotrophic NDFO in Hyphomicrobium within mixed denitrifying cultures (Wang et al., 

2020). Though cyc2 and rus or significantly similar genes were not identified in the newly 
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sequenced or existing NDFO genomes analysed in Chapter 4, this example demonstrates a 

template for enzymatic Fe2+ oxidation which may be analogous to the mechanism in other 

species. Such a mechanism could allow for the lithotrophic growth seen in Chapters 2 and 

3, which primarily tested metabolic activity and growth of NDFO organisms in relation to 

martian substrates and brines, respectively. 

Active metabolism and growth were demonstrated in two simulated martian brines and 

with olivine (as a source of Fe2+), a finding which supports the existence of a mechanism 

for electron acquisition from Fe2+ and retention in the electron transport chain. 

Specifically, growth of Acidovorax sp. strain BoFeN1 cultures using Fe2+ from olivine in 

Chapter 2 (in which soluble Fe2+ was detectably consumed) was significantly greater than 

when grown in the Shergottite and Contemporary Mars brines in Chapter 3 (in which 

microbial Fe2+ consumption was not detectable).  

The addition of a carbon source increased the specific growth rate of Acidovorax sp. strain 

BoFeN1 in comparison to lithoautotrophic cultures, and this was further increased by 

spiking with soluble Fe2+. This increase in growth through the presence of additional Fe2+, 

when supplemented with an organic co-substrate, is supportive of a contribution of 

electrons from Fe2+ oxidation into the energy metabolism of this strain, with nitrate as the 

terminal electron acceptor.  This suggests that the most effective form of NDFO 

metabolism is with Fe2+ as a co-substrate. This was certainly the case when nitrate-

reducers were grown in organic-rich growth media with Fe2+ present (Chapter 4), where 

large shifts toward oxidised Fe were observed in inoculated cultures under mixotrophic 

conditions.  

These findings build on the wealth of literature that reports that NDFO metabolism is 

stimulated to higher rates of productivity when conducted as a mixotrophic process (Straub 
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et al., 1996; Buchholz-Cleven et al., 1997; Benz et al., 1998; Straub et al., 2004), with the 

added consequence that our understanding of the potential for life in habitable martian 

environments can now extend beyond a reliance on obligate lithotrophy. 

5.2 A revised NDFO model for Mars 

 

Figure 5.1. Overview of potential redox substrate sources for nitrate-dependent Fe2+-oxidising 

microorganisms in the early Mars environment (modified from Figure 1.9). Complex organics are present as 

an additional electron donor and carbon source for microbial life. Organics act as a co-substrate with Fe2+ to 

drive respiratory nitrate reduction and ATP production in NDFO-performing microorganisms. CO2 is 

produced as a metabolite from oxidation of organics.  

The addition of confirmed complex organics to the catalogue of martian energy and carbon 

sources (Eigenbrode et al., 2018) necessitates amendment of the hypothetical Fe and N 

cycle proposed in Chapter 1. Based on the collective results within this thesis, NDFO 

would likely progress as a mixotrophic process, with Fe2+ acting as an electron donor in 

tandem with reduced organic molecules (Figure 5.1). In this case, CO2 would be a product 

of organic oxidation and be either released to the atmosphere, sequestered into carbonates 

or reincorporated as biomass by autotrophic microorganisms. Biological fixation of 
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atmospheric carbon is one route by which the organic reservoirs of martian environments 

could be replenished for further use by heterotrophic and organotrophic microbes, creating 

a biologically mediated carbon cycle. 

 

5.3 Nitrate reduction can fuel a martian biosphere 

The presence of nitrates in modern and ancient martian surface samples (Stern et al., 2015) 

greatly diversified the range of metabolisms hypothetically possible, bringing autotrophic 

and heterotrophic forms of nitrate reduction and denitrification to the fore.  

The abundances of nitrate on Mars in scooped dust and drilled sediment are in the range of 

70-1,100 ppm (Stern et al., 2015), equivalent to ~1-16 mM and sufficient to drive nitrogen-

based metabolisms in the presence of active nitrate formation mechanisms, such as 

volcanic lightning, impact-generated and radiation-catalysed nitrogen fixation reactions 

(described in Chapter 1). Denitrifying microbes are typically active from much lower 

nitrate concentrations (>1 ppm) and have been described performing denitrification at up to 

36,000 ppm (0.58 M) on Earth, albeit at an impaired rate (Glass and Silverstein, 1999; 

Tomasek et al., 2017). 

The autotrophic growth of Acidovorax sp. strain BoFeN1, Pseudogulbenkiania sp. strain 

2002 and Paracoccus sp. strain KS1 with olivine in Chapter 2 and in an early basaltic brine 

in Chapter 3, and the two former strains in a contemporary martian brine (Chapter 3), 

reveals that growth by nitrate reduction is possible on both martian mineral substrates and 

in simulated brine chemistries. This is an important finding for early biospheres on Mars, 

as nitrate is a key electron acceptor past and present, given the near absence of molecular 

oxygen. 
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5.4 Targets for life detection 

With the approaching launches of new rovers to the martian surface, it is worth taking 

account of what the results presented here mean for biosignature location and detection. 

The Mars 2020 rover, Perseverance, and the ExoMars Rosalind Franklin rover are both 

shifting the paradigm of Mars exploration from investigating habitable environments to 

direct detection of past and present life. This change in collective mindset represents an 

opportunity to search for specific biosignatures of relevant microbial processes, 

underlining the importance of the results reported in this thesis. 

Biomineralised structures were identified after desiccation of cultures grown with olivine 

in Chapter 2, demonstrating the potential for mineralised NDFO microbes to form 

morphological biosignatures on grain surfaces. The largest aggregations of mineralised 

cells also retained detectable, elevated carbon signatures. The biomineralised microbial 

structures observed in Chapter 2 demonstrate a mechanism of morphological biosignature 

production from purely lithoautotrophic NDFO cultures. The difficulty in terms of 

detection, however, is the scale of these structures (~1-200 µm). For reference, the spot 

sizes on the Raman Laser Spectrometer (Rosalind Franklin rover) and Scanning Habitable 

Environments With Raman & Luminescence for Organics & Chemicals (SHERLOC) 

instrument (Perseverance rover) are both 50 µm (Beegle et al., 2015; Rull et al., 2017). The 

consequence of this is that most biomineralised structures would be undetectable, even if 

located perfectly in the path of the beam. For identification of structures on this scale, Mars 

sample return is vital; the Perseverance rover will cache up to 43 samples at the martian 

surface ahead of a series of joint NASA/ESA missions targeting eventual sample return to 

Earth, where more powerful instruments are available to analyse these samples at the 

highest possible resolution. If successful, samples will be returned to Earth by 2032 at the 
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earliest (Clery and Voosen, 2019). It is, therefore, pertinent to identify alternative targets 

for the upcoming rovers in the intervening years. 

For example, a significant Fe oxidation trend was observed analytically and visually in 

tandem with nitrate reduction in Chapter 4, when under heterotrophic conditions in the 

presence of soluble Fe2+. This suggests that Fe3+ precipitates could be extensively produced 

by nitrate reducing microorganisms if organic co-substrates were present on early Mars, as 

is now thought likely (Eigenbrode et al., 2018). However, it was not possible - using the 

same assays and observations - to find differences in the overall Fe oxidation states of 

growing autotrophic NDFO brine cultures in Chapter 3, relative to abiotic controls and 

non-growing cultures. This non-detection may be due to the sensitivity of the assay and 

length of the experiment, rather than an absence of an oxidation effect during growth.  

The extent of Fe2+ oxidation in lithoautotrophic cultures was minimal to undetectable in 

the microbial growth experiments (Chapters 2 and 3), indicating that macroscopic Fe3+ 

precipitates in a martian context would be unlikely to accumulate from NDFO when in the 

presence of either abiotic reduction processes or Fe3+ reducing microorganisms such as 

those proposed by Nixon (2014), which could reduce Fe3+ and prevent precipitation. In that 

scenario, aggregates of microfossils - such as those discovered in Chapter 2 - may be a 

more plausible biosignature of lithoautotrophic NDFO. 

Large-scale Fe oxidation patterns in reducing geological contexts may not only act as a 

biosignature in and of themselves but may also protect associated organic signatures during 

sedimentation. The co-preservation of biogenic Fe oxides and polysaccharides has already 

been proposed for neutrophilic Fe oxidisers that respire oxygen in a terrestrial context 

(Chan et al., 2011). 
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Lalonde et al. (2012) demonstrated that 13-30% of organic carbon in sediments on Earth is 

bound - either through chelation or co-precipitation - to reactive Fe phases such as 

goethite, forming a “rusty sink” for organic carbon. This remained true across sulphidic, 

anoxic, continental margin, deep sea, deltaic and estuarine sediments (Lalonde et al., 

2012). In fact, sediments overlain by oxygen-depleted waters - analogous to what we 

expect on early Mars, (Hurowitz et al., 2017) - were found to host organometallic 

structures with the highest ratios of organic carbon to Fe, and were most resistant to 

chemical and microbial degradation during sediment maturation (~1,500 years). Lalonde et 

al. also found that organic compounds associated with Fe were N-enriched, suggesting 

preferential binding of biogenic proteins and carbohydrates.  

Applying these findings to the hypothetical context of an NDFO-driven microbial 

biosphere clearly indicates that Fe3+-rich mineral veins and sediments from reducing 

Noachian aqueous environments are prime targets for astrobiological investigation of 

Mars. 

5.5 Looking beyond Mars 

Logically, the relevance of lithotrophic and mixotrophic forms of NDFO may not be 

limited to Mars, but any habitable location where the requisite redox couple, carbon 

sources and neutral-alkaline environment exist. 

In the last decade, revelations made by ground-based observations and space missions such 

as Galileo, Cassini and New Horizons have drawn focus within astrobiology onto the icy 

moons and dwarf planets of the outer Solar System and a succession of liquid water oceans 

have been discovered beneath the ice shells of multiple planetary bodies (Carr et al., 1998; 

Kivelson et al., 2000; McCord and Sotin, 2005; Porco et al., 2006; Roberts and Nimmo, 

2008; Saur et al., 2015; Nimmo et al., 2016).  Of these locations, the Jovian satellite 



173 

 

Europa and Saturnian moon Enceladus show the most promise for astrobiological 

exploration (Taubner et al., 2020). There are two primary reasons for this, the first of 

which is that these oceans are in direct contact with the rocky interiors of their respective 

moons (Postberg et al., 2009; Trumbo et al., 2019), allowing for more complex and rapid 

chemical reactions to take place within putative hydrothermal systems there (Waite et al., 

2017).  The second is that material is ejected from the subsurface of these worlds in plumes 

(Hansen et al., 2006; Waite et al., 2006; Roth et al., 2014; Jia et al., 2018), providing 

samples of these environments for collection without the practical and planetary protection 

complications of landing on a potentially habitable target.  

Taking what we know about the distribution of NDFO across terrestrial environments, 

particularly species such as Ferroglobus placidus in deep ocean hydrothermal vents 

(Hafenbradl et al., 1996), it is possible to imagine that this chemotrophic metabolism could 

be applied to these extraterrestrial aquatic environments, given the requisite conditions. 

Courtesy of Cassini, we already have some indication of Enceladus’ ocean composition, 

where CO2 and macromolecular organic molecules are likely to be in contact with Fe2+-

bearing silicates (Seewald, 2017; Postberg et al., 2018; Glein and Waite, 2020). However, 

early estimates of 4% N species in the plume material were later revised down to <0.5 % 

(Waite et al., 2006; Hansen et al., 2011), potentially posing a problem for N cycling-based 

metabolisms such as NDFO. However, microbial denitrification on Earth is known to 

occur under nitrogen-limited conditions, given some input of organic carbon (Holmes et 

al., 1996) 

 

 

 



174 

 

5.6 Terrestrial applications 

The conclusions of the work undertaken here are not limited to answering astrobiological 

questions. NDFO is a potentially important process within the deep biosphere of Earth, as 

well as holding potential uses within bioremediation and water treatment.  

The identification of NDFO microorganisms capable of chemolithoautotrophic growth on 

solid ferrous phases such as olivine (Chapter 2), siderite, pyrite and basaltic glass (Edwards 

et al., 2003; Xiong et al., 2015) implies that any habitable, deep environment with 

sufficient nitrate to support metabolism will likely host some population of NDFO-capable 

microbes. However, there is a gap in our knowledge of Earth’s Fe cycle, as a route for 

oxidation and mineralisation in the anaerobic subsurface could act as a control on the 

dissolved Fe2+ concentration of fluids reaching the surface. 

NDFO will also concomitantly remove nitrate in deep environments, which informs not 

only our full understanding of the global N cycle but also our approach to a specific 

environmental issue of our own making, i.e. the growing concern around anthropogenic 

nitrates (primarily from agriculture).  These nitrates are accumulating in the vadose zone 

(between the surface and water table), with potential to inflict large-scale pollution of 

aquifers for decades to come (Ascott et al., 2017). Though Ascott et al. take account of 

denitrification within anaerobic, organic-rich environments, the model developed assumes 

negligible denitrification rates elsewhere. Autotrophic NDFO, as was observed in Chapters 

2 and 3, provides a mechanism by which microorganisms can remove nitrate from 

anaerobic, organic-poor environments. Therefore, more extensive studies into the extent of 

global NDFO-based N-cycling are essential to fully understand the fate of leached nitrates, 

which has far-reaching impacts on our natural environment and human health. 
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For example, Wang et al. (2020) investigated the potential for NDFO-based water 

treatment, in which the removal of nitrate is a key process. The use of organic influents, 

such as acetate as electron donors, is costly so an abundant alternative, such as Fe, is 

highly attractive. The acceleration of growth seen in microbial growth experiments in 

simulated martian brines (Chapter 3), when excess Fe2+ was added as a co-substrate with 

acetate, agrees with there being a role for Fe2+ in complementing nitrate removal processes. 

5.7 Future work 

This thesis advances our knowledge of NDFO mechanisms and suitability as a metabolism 

for early martian primary production. However, the studies described herein are not 

exhaustive, and further questions remain. 

5.7.1 Role of serpentinization in growth with olivine as an Fe2+ source 

Though the growth of three organisms in culture with olivine (Chapter 2) suggests that a 

lithotrophic form of NDFO can support cell growth, the abiotic process of serpentinisation 

(the chemical alteration of olivine by water) may have provided cells with a secondary 

electron donor in the form of H2. If confirmed, Fe2+ would likely act as a co-electron 

donor, as seems to be the case in heterotrophic cultures (Chapters 3 and 4). To resolve this 

uncertainty, the experiment could be repeated to include monitoring of the headspace gas 

for H2 release or consumption. If serpentinisation is an active process in this experiment, 

H2 should accumulate in abiotic controls and be consumed in active biotic cultures if used 

as an electron donor. 

5.7.2 Incorporation of organics into martian fluid simulants 

Limited lithotrophic growth was apparent in early basaltic and contemporary martian 

brines, but not in either sulfur-rich or haematite-rich cultures (Chapter 3). Though 
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lithoautotrophic growth was not observed in the sulfur-rich or haematite-rich brines, an 

additional electron donor may allow growth. The full range of monitoring techniques 

described for the main lithoautotrophic study in Chapter 3 should be employed to monitor 

the Fe oxidation states and nitrate reduction in active mixotrophic cultures, as well as 

electron microscopy to characterise the microstructure of Fe3+ oxides precipitated with 

cells. 

In the co-substrate study, the addition of an organic co-electron donor (acetate) led to a 

five-fold increase in maximum cell numbers for Acidovorax sp. strain BoFeN1 in the 

contemporary martian brine, with a further three-fold increase when soluble Fe2+ was 

quadrupled. This line of investigation should be followed and widened to investigate not 

only the effect of acetate, but a range of organic compounds in stimulating NDFO in all 

organisms used in this thesis when cultured within the full suite of martian analogue 

brines.  

Carbonaceous chondritic material, similar in composition to that delivered to the martian 

surface in large quantities (Sephton et al., 2002; Yen et al., 2006), has previously been used 

to test the Fe2+ oxidation capacity of an acidophilic Fe2+ oxidiser as well as tests using a 

mixed NDFO culture (Gronstal et al., 2009). Carbonaceous chondritic material could be 

investigated as a carbon source for organisms within the simulated martian brines used in 

Chapter 3, thereby creating high-fidelity simulated martian environments. 

5.7.3 Deepening the search for a lithotrophic NDFO mechanism 

The genome analysis of Acidovorax sp. strain BoFeN1 and Paracoccus sp. strain KS1 

(Chapter 4) revealed potential oxidoreductase proteins which may be implicated in 

enzymatic Fe2+ oxidation. Isolation and purification of these proteins would allow fuller 
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identification their biochemical roles, when combined with knockout studies comparing 

the Fe2+ oxidation capacity of wild-type and deletion mutant NDFO microorganisms.  

As mentioned previously, the SL1344 strain used for the knockout study in Chapter 4 was 

limited by both the presence of a second nitrate reductase (leading to some confounding 

NDFO performed by the Nar-deficient mutant) and relevance as a mammalian pathogen - 

rather than environmental - bacterium. Future knockout studies should create targeted 

deletion mutants in environmentally relevant microbes, such as the Acidovorax, 

Paracoccus and Pseudogulbenkiania spp. used in this thesis. Ishii et al. (2016) used 

mutagenesis in Pseudogulbenkiania isolates to attempt to disrupt NDFO, without success. 

It is possible that a more targeted approach based on specific candidate genes identified by 

genome analysis may prove more fruitful. 

Additionally, dedicated studies using comparative genomics and specialised programs to 

identify Fe metabolism genes (Garber et al., 2019) across all sequenced NDFO genomes 

would provide greater depth and confidence to the identification of potential 

oxidoreductases made in Chapter 4. 

5.7.4 Identification of lithified NDFO on Mars 

If we are to identify the traces of NDFO on Mars, we must first understand more fully how 

those traces are likely to appear in the present day. The mineralisation of microbes reported 

in Chapter 2 fits into a growing body of literature reporting the various Fe3+ precipitates 

found that entomb NDFO organisms (Kappler et al., 2005; Miot et al., 2009; Schädler et 

al., 2009; Pantke et al., 2012; Miot et al., 2014a; Miot et al., 2015; Zhou et al., 2016). 

This is a useful starting point for biosignature-oriented mission such as the Rosalind 

Franklin and Perseverance rovers, which aim to investigate preserved Noachian 

sedimentary environments at Oxia Planum and Jezero crater (3.8-3.9 Ga), respectively 
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(Goudge et al., 2018; Quantin-Nataf et al., 2019). However, redox, aqueous, diagenetic, 

desiccative and irradiative processes could alter or destroy microbial structures in the 

billions of intervening years between sedimentation and investigation. For example, 

Glasauer et al. (2013) combined laboratory encrustation experiments using a NDFO isolate 

with field observations to highlight the importance of the redox environment in 

fossilisation, finding that reductive dissolution could inhibit Fe biomineralisation. In 

testing the diagenetic maturation of organo-ferric structures from microaerobic Fe 

oxidisers, Picard et al. (2015) found that Fe3+ oxides could enhance structural and chemical 

preservation of biological material under high temperature and pressure, and that 

spectroscopy could be used to identify these biosignatures in the rock record.  

Experiments to simulate the long-term effects of desiccation and irradiation are a regular 

feature of Mars astrobiology research (Dartnell et al., 2007a; Dartnell et al., 2012; Gaboyer 

et al., 2017) but a strategy to more fully characterise the preservation potential of NDFO-

driven biological activity should specifically assess the response of NDFO precipitates and 

encrustations to all these processes in simulated conditions. Encrusted microbial material 

could be mixed with early martian regolith simulants and: (1) exposed to redox sh ifts to 

simulate environmental change, (2) processed in high temperature, high pressure reactors 

to simulate burial and diagenesis, and (3) desiccated and irradiated to simulate exposure at 

the modern martian surface. 
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5.8 Summary 

NDFO represents a redox process which can sustain nitrate-reducing microorganisms in 

simulated early basaltic and contemporary martian brine environments and on olivine, a 

common Fe2+ mineral at the martian surface. 

Lithoautotrophic NDFO - based on Fe2+ as a sole electron donor - may sustain too few 

cells to produce readily detectable shifts in the geochemistry of the environment, posing a 

challenge for biosignature detection. However, biomineralised structures could be 

identified in samples returned by future missions using electron microscopy and associated 

mineralogical and elemental analyses. 

A mixotrophic strategy combining organics and Fe2+ as electron donors would produce a 

larger amount of biomass than purely lithotrophic energy metabolisms, enhancing 

biomineralisation due to an associated increase in Fe3+ released. These Fe3+ minerals would 

be deposited as macroscopic features in lacustrine environments or rock fractures.  

Therefore, future life detection missions should look for Fe3+ mineral formations within 

predominantly reduced sedimentary and vein formations, where preserved complex 

organics and biogenic minerals may be found in tandem and act as combined 

biosignatures. 
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Appendices 

A. Media and solutions 

Chapter 2 

Nutrient media 

Peptone 5.0 g 

Meat Extract 3.0 g 

Distilled water 1000.0 ml 

 

S-8 media for Thiobacillus 

Solution A: 

 KH2PO4 2.0 g 

 KNO3 2.0 g 

 NH4Cl 1.0 g 

 MgSO4 x 7 H2O 0.8 g 

 Trace element solution SL-4 2.0 ml 

 Agar (for solid medium) 15.0 g 

 Distilled water 940.0 ml 

Adjust pH to 7.0 with NaOH. 

Solution B: 

 Na2S2O3 x 5 H2O 5.0 g 

 Distilled water 40.0 ml 

Solution C: 

 NaHCO3 1.0 g 



220 

 

 Distilled water 20.0 ml 

Solution D: 

 FeSO4 x 7 H2O 2.0 mg 

 0.1 N H2SO4 1.0 ml 

Solutions A, B and D are sterilized separately by autoclaving at 121°C for 15 min under 

100% N2 gas atmosphere. Solution C is sterilized by filtration under an atmosphere of  

80% N2 and 20% CO2 gas mixture. Appropriate amounts of solutions B to D are added to 

the sterile solution A in the sequence as indicated. 

Note: A small amount of white precipitate forms after autoclaving, but this has no negative  

effect on growth. 

 

Trace element solution SL-4: 

 Na2-EDTA 0.50 g 

 FeSO4 x 7 H2O 0.20 g 

 ZnSO4 x 7 H2O 0.10 g 

 MnCl2 x 4 H2O 0.03 g 

 H3BO3 0.30 g 

 CoCl2 x 6 H2O 0.20 g 

 CuCl2 x 2 H2O 0.01 g 

 NiCl2 x 6 H2O 0.02 g 

 Na2MoO4 x 2 H2O 0.03 g 

 Distilled water 1000.0 ml 

First dissolve EDTA in distilled water and adjust pH to 7.0 using 2 N NaOH; then add 

other compounds. 
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Minimal test media 

NH4Cl 0.3 g 

MgCl2.6H2O 0.4 g  

CaCl2.2H2O 0.1 g 

K2HPO4 0.6 g  

MgSO4 50 mg   

Distilled water 1000.0 ml 

Autoclave at 121 °C for 20 minutes. 

 

SL-10 trace elements solution 

HCl (25%) 10.0 ml 

FeCl2 . 4H2O 1.5 g 

ZnCl2 70.0 mg 

MnCl2 . 4H2O 100.0 mg 

H3BO3 6.0 mg 

CoCl2 . 6H2O 190.0 mg 

CuCl2 . 2H2O 2.0 mg 

NiCl2 . 6H2O 24.0 mg 

Na2MoO4 . 2H2O 36.0 mg 

Distilled water 990.0 ml 

 

Vitamin solution  

Biotin 2 mg 

Folic acid 2 mg 
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Pyridoxine HCl 10 mg 

Riboflavin 5 mg 

Thiamine 5 mg 

Nicotinic acid 5 mg 

Pantothenic acid 5 mg 

Vitamin B 0.1 mg 

p-aminobenzoic acid 5 mg 

Thioctic acid 5 mg 

Distilled water 1000.0 ml 

Chapter 3 

Stock solutions 

Stock solutions for media components were prepared by the dissolution of the following 

masses of the components in deoxygenated sterile milliQ water under N2 flushing and 

sealed with sterile butyl stoppers and aluminium crimps: 

Table A A.1 Stock solutions for preparation of Mars simulant media. 

Compound 
Final concentration 

(mM) Volume of water (mL) Molecular weight 
Volume to 

add (g) 

NaNO3 100 100 84.99 0.850 

Mg(NO3)2 100 100 148.32 1.483 

Na2S 100 100 78.05 0.781 

MnCl2 10 100 125.84 0.126 

K2HPO4 10 100 174.20 0.174 

NaOH 100 100 40.00 0.400 

KOH 100 100 56.11 0.561 

FeSO4 1000 50 151.91 7.596 

MnSO4 10 100 151.00 0.151 

Na2HPO4 10 100 141.96 0.142 

Fe2(SO4)3 100 100 399.88 3.999 

KH2PO4 100 100 136.01 1.360 

MgSO4 1000 50 120.37 6.019 
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A Ferrozine solution stock was prepared by the dissolution of 200 mg 3-(2-Pyridyl)-5,6-

diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt hydrate and 2.39 g HEPES 

in milliQ sterile water. 

Tamm reagent (0.14 M oxalic acid, 0.2 M ammonium oxalate) was prepared by 

dissolving 1.26 g oxalic acid and 2.48 g ammonium oxalate in 100 mL milliQ sterile water. 

0.5 M HCl was prepared by diluting 50 mL 2M HCl in 150 mL milliQ sterile water 

A stock of 0.5 M HCl with 0.3 M hydroxylamine hydrochloride was prepared as 0.5 M 

HCl, with the addition of 4.17 g hydroxylamine hydrochloride to the 200 mL volume.  

A 50 mL stock of 20 % HNO3 solution was prepared by diluting 20 mL 70% HNO3 with 

30 mL milliQ sterile water. 

Table A A.2. Chemical composition of each media based on Contemporary Mars (CM), Sulfur-rich (SR), 

Haematite-rich (HR) and Shergottite (SG) ion concentrations as listed in Table 3.1. 

 Simulant 

 CM SR HR SG 

Component Concentration (mg L-1) 

NaNO3 84.995 52.550 63.410 - 

Mg(NO3)2 - 28.305 18.831 74.150 

Na2S - - 0.903 2.465 

MnCl2 1.851 1.312 1.455 1.242 

K2HPO4 3.455 - 12.549 13.710 

NaOH 1.698 - - 18.443 

KOH 13.104 - 5.551 - 

Ca(OH)2 102.382 111.953 75.599 125.396 

FeSO4 34.375 349.524 81.094 - 

FeO 171.858 41.573 102.685 161.910 

Fe2O3 - - 153.492 12.082 

3AL2O3.2SiO2 219.699 109.899 155.442 141.145 

3MgO.4SiO2.H2O 192.117 - 605.691 259.920 

SiO2 280.329 196.567 - 325.666 

TiOH 5.986 3.789 4.019 2.053 

MnSO4 2.875 0.853 - 2.808 

Na2HPO4 - - - 0.232 

Fe2(SO4)3 88.136 84.034 - - 

KH2PO4 - 57.217 - - 

MgSO4 - 136.251 - - 
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Media limitations 

Some challenges arose in recreating the calculated ionic composition in the media. There 

were some minor deviations from the ion balance in the overall media recipe, such as 20 

µM surpluses of S- in SR brine and of Si+ in HR.  

The greater challenges were primarily a consequence of limited availability of suitable 

soluble compounds. Compounds with low solubility (FeO, Fe2O3, 3AL2O3.2SiO2, 

3MgO.4SiO2
.H2O, SiO2, TiOH, Ca(OH)2) were used to introduce the remaining ions to the 

overall media, meaning much of the Al, Ca, Si and Ti is not dissolved in solution but 

present as precipitate. This is not a major issue as none will have a major impact on 

microbial growth. 

However, it was not possible to use fully soluble Fe2+ and Fe3+ sources while balancing the 

major anions such as SO4
- and Cl-, meaning that soluble Fe2+ is available at >2 mM in SR, 

0.5 mM in HR, 0.2 mM in CM and not at all in EB, despite the modelling predicting 1.9-

2.9 mM with full dissolution of the four simulants. 

Chapter 4 

Anoxic solutions 

These were prepared by adding anoxic distilled water to chemical components in 50 ml 

Wheaton bottles under 85:10:5 N2:CO2:H2 atmosphere in a COY anaerobic glove box. 

1 M FeSO4 solution: 8.34 g of FeSO4·7H2O in 30 ml anoxic distilled water 

200 mM NaNO2 solution: 2.07 g of NaNO2 in 30 ml anoxic distilled water 

200 mM NaNO3 solution: 2.55 g of NaNO3 in 30 ml anoxic distilled water 

Wheaton bottles were sealed with butyl septa and crimped with aluminium caps until use.  
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B. Standards 

Protein 

 

 

Figure A B.1 Standard curves used to determine protein concentration in samples for Chapters 2, 3 and 4. 

 

Nitrate  

 

Figure A B.2 Standard curves used to determine nitrate concentration in samples for Chapters 2, 3 and 4. 
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Nitrite 

 

Figure A B.3 Standard curves used to determine nitrite concentration in samples for Chapters 3 and 4. 

 

Fe 

  

Figure A B.4 Standard curves used to determine Fe concentration in samples for Chapters 3 and 4. 

 

C. Additional figures and tables 

Table A C.1. Mean FeO/(MgO+FeO) values for individual analysed grains of the solid Fe2+ substrate and 

mineral identification of grains. 

Grain no. FeO/(MgO+FeO) Mineral identification 

3 0.162 Olivine 

4 0.163 Olivine 

5 0.162 Olivine 

6 0.154 Diopside 

7 0.156 Enstatite 

8 0.162 Olivine 

9 0.163 Olivine 

10 0.150 Diopside 
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11 0.162 Olivine 

12 0.161 Olivine 

13 0.155 Enstatite 

14 0.182 low total % 

15 0.157 Mixed 

16 0.163 Olivine 

17 0.162 Olivine 

18 0.162 Olivine 

19 0.180 Diopside 

20 0.162 Olivine 

21 0.149 Diopside 

22 0.154 Enstatite 

23 0.162 Olivine 

24 0.159 Mixed 

25 0.162 Olivine 

26 0.162 Olivine 

27 0.162 Olivine 

28 0.161 Olivine 

29 0.162 Olivine 

30 0.142 Diopside 

31 0.162 Olivine 

32 0.161 Olivine 

33 0.153 Diopside 

34 0.163 Olivine 

35 0.158 Enstatite 

36 0.161 Olivine 

37 0.163 Olivine 

38 0.156 Enstatite 

39 0.161 Olivine 

40 0.160 Mixed 

41 0.163 Olivine 

42 0.148 Diopside 

43 0.162 Olivine 

44 0.161 Olivine 

45 0.153 Enstatite 

46 0.153 Enstatite 

47 0.163 Olivine 

48 0.153 Diopside 

49 0.163 Olivine 

50 0.161 Olivine 

51 0.163 Olivine 

52 0.162 Olivine 

53 0.150 Diopside 

54 0.162 Olivine 

55 0.163 Olivine 

56 0.162 Olivine 

57 0.162 Olivine 

58 0.155 Enstatite 
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59 0.154 Diopside 

60 0.163 Olivine 

61 0.360 Al-rich 

62 0.162 Olivine 

63 0.163 Olivine 

64 0.154 Enstatite 

65 0.154 Enstatite 

66 0.162 Olivine 

67 0.162 Olivine 

68 0.163 Olivine 

69 0.161 Olivine 

70 7.16769E-05 low total % 

71 0.155 Enstatite 

72 0.164 Olivine 

73 0.162 Olivine 

74 0.172 Mixed 

75 0.154 Enstatite 

76 0.160 Olivine 

77 0.162 Olivine 

78 0.161 Olivine 

79 0.164 Olivine 

80 0.162 Olivine 

81 0.163 Olivine 

82 0.163 Olivine 

83 0.158 Mixed 

84 0.162 Olivine 

85 0.153 Mixed 

86 0.156 Mixed 

87 0.319 Al-rich 

88 0.163 Olivine 

89 0.162 Olivine 

90 0.156 Enstatite 

91 0.162 Olivine 

92 0.154 Enstatite 

93 0.164 Olivine 

94 0.162 Olivine 

95 0.155 Diopside 

96 0.163 Olivine 

97 0.163 Olivine 

98 0.153 Diopside 

99 0.163 Olivine 

100 0.162 Olivine 

 

Table A C.2. Mean data for the olivine grains from the solid Fe2+ substrate. 

% grains identified as olivine  Mean [FeO/(MgO+FeO)] of olivine grains 

73.95833 16.22513 
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Figure A C.1 Electron micrograph of globular aggregations on olivine surface after culture with 

Pseudogulbenkiania sp. strain 2002. Target areas for electron dispersive X-ray spectroscopic (EDS) analysis 

are shown with white boxes. 

 

Figure A C.2. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 3" indicated in Figure A C.1. 
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Figure A C.3. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 4" indicated in Figure A C.1. 

 

Figure A C.4. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 15" indicated in Figure 2.13. 
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Figure A C.5. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 16" indicated in Figure 2.13. 

 

Figure A C.6. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 17" indicated in Figure 2.13. 
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Figure A C.7. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 18" indicated in Figure 2.13. 

 

Figure A C.8. Electron micrograph of rounded features in a semi-porous matrix on olivine surface after 
culture with Pseudogulbenkiania sp. strain 2002. Target areas for electron dispersive X-ray spectroscopic 

(EDS) analysis are shown with white boxes. 
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Figure A C.9. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 6" indicated in Figure A C.8. 

 

Figure A C.10. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 7" indicated in Figure A C.8. 
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Figure A C.11. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 8" indicated in Figure A C.8. 

 

Figure A C.12. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 9" indicated in Figure A C.8. 
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Figure A C.13. Electron micrograph of rounded features in a semi-porous matrix on olivine surface after 

culture with Paracoccus sp. strain KS1. Target areas for electron dispersive X-ray spectroscopic (EDS) 

analysis are shown with white boxes. 

 

Figure A C.14 Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 19" indicated in Figure A C.13. 
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Figure A C.15. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 20" indicated in Figure A C.13. 

 

Figure A C.16. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 21" indicated in Figure A C.13. 
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Figure A C.17. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 23" indicated in Figure 2.21. 

 

Figure A C.18. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 25" indicated in Figure 2.21. 
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Figure A C.19. Electron micrograph of rounded features in a semi-porous matrix on olivine surface after 
culture with Acidovorax sp. strain BoFeN1. Target areas for electron dispersive X-ray spectroscopic (EDS) 

analysis are shown with white boxes. 

 

Figure A C.20. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 29" indicated in Figure A C.19. 
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Figure A C.21. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 30" indicated in Figure A C.19. 

 

Figure A C.22. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 31" indicated in Figure A C.19. 
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Figure A C.23. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 32" indicated in Figure A C.19. 

 

Figure A C.24. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 19" indicated in Figure 2.28. 
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Figure A C.25. Energy dispersive X-ray spectroscopy (EDS) elemental composition output for target area 

"Spectrum 20" indicated in Figure 2.28. 

 

Table A C.3 Raw ICP-MS data for analysis of olivine culture and control end-point filtrates. Series notation: 

PO=strain 2002, TO=T. denitrificans, KO=strain KS1, BO=strain BoFeN1, CO=control. 

 
He No Gas  

ppb 

Sample Mn Fe-56 Fe-57 Cu Mo Mn Mo 

PO1 17.8562 8.595639 11.13759 1.547744 15.31409 17.65527 12.59653 

PO2 20.20211 5.610946 7.780992 1.511714 17.33237 20.84279 13.10704 

PO3 20.49738 11.61293 13.56349 1.753999 16.94636 22.98154 12.86386 

TO1 31.08078 45.88342 47.86655 0.690045 16.5661 33.00283 12.08827 

TO2 34.64611 39.17765 40.81847 0.89616 15.4565 35.55027 12.1985 

TO3 28.89173 49.92566 51.51689 1.181537 14.7412 30.54645 11.86973 

KO1 20.98789 10.10439 11.90999 1.73417 15.29297 22.98573 12.83719 

KO2 25.40154 13.59169 15.36696 0.772921 15.01761 26.7025 12.83807 

KO3 21.01618 6.794112 8.692059 2.118481 14.01843 22.66491 12.59674 

BO1 18.70218 5.935361 7.848834 3.6844 14.66441 20.79754 12.91237 

BO2 19.69466 6.104499 8.120475 1.818324 14.41459 21.40139 13.18488 

BO3 21.65804 11.49389 13.00036 1.145749 13.82586 23.18003 12.67092 

CO1 31.97981 57.44925 58.22066 1.05418 12.79469 31.49385 12.47533 

CO2 32.8098 53.64396 54.48553 1.312402 13.25147 33.36497 12.08453 

CO3 32.53004 56.50158 57.22132 0.640137 12.77605 31.93205 12.19415 
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Chapter 3 

 

Figure A C.26. Protein concentrations for individual triplicate cultures of Paracoccus sp. strain KS1, 

Pseudogulbenkiania sp. strain 2002 and Acidovorax sp. strain BoFeN1 in Contemporary Mars (CM) and 

Shergottite (SG) brines.
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Table A C.4. Significance tests for pH at 10 days between martian simulant media cultures and controls 

(shaded). 

Media Series KS1 2002 Control 

Contemporary 
Mars 

KS1 
   

2002 0.29435 
  

Control 0.899496 0.379868 
 

BoFeN1 0.38022 0.072843 0.49872 

Sulfur-Rich KS1 
   

2002 0.03775 
  

Control 0.134819 0.1086 
 

BoFeN1 0.188292 0.127712 0.656193 

Haematite-
Rich 

KS1 
   

2002 0.337734 
  

Control 0.424892 0.465162 
 

BoFeN1 0.537832 0.597306 0.899496 

Shergottite KS1 
   

2002 0.612782 
  

Control 0.689615 0.026148 
 

BoFeN1 0.26341 0.411867 0.754804 
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Figure A C.27 Unnormalised protein concentrations over time for Salmonella enterica Serovar Typhimurium 
strain SL1344 wild-type (filled circles) and ∆narGHIJ mutant (filled squares), abiotic nitrite control (open 

triangles) and negative control (open circles). 
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