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Abstract

Methane has a typical atmospheric photochemical lifetime of ∼300 years on Mars,

making contemporary reported detections (and non-detections) of methane a fiercely

debated topic, due to the potential need for a present-day source. On Earth, most

methane is produced by methanogenic microbes present in, e.g., ruminants, wet-

lands, lakes and permafrost. Of the four metabolic pathways on Earth, the hy-

drogenotrophic pathway is the most common, utilising CO2 and H2 as substrates.

Both gases are present on Mars, plus liquid water and essential elements (CHNOPS)

that are requirements for life, and organics. Surface conditions on Mars are ster-

ilising, however, the temperature and pressure of the subsurface are potentially

favourable to life and provide a shield to sterilising surface conditions, and are thus

a possible habitat for methanogens. A meta-analysis was conducted, motivated by

these subsurface parameters, that redefined the statistical representation for several

growth parameters for all type-strains of methanogens and analysed multiple pa-

rameters simultaneously across multiple categories (e.g. metabolism), showing that

the optimal average conditions in which to grow methanogens would be a meso-

temperate (20 to 39◦C), hypersaline and slightly acidic environment. Two martian

subsurface environments were simulated to determine whether environmental or

chemical factors are inhibitory to methanogenesis. (1) Methanoculleus marisnigri

was grown in a custom-built, high-pressure manifold at 60 bar and 25◦C to simulate

the subsurface of Mars, although no methane was produced, due to a technical issue

resulting in oxygenated medium. However, some cells survived five weeks of oxy-

genation. (2) Methanothermococcus okinawensis was grown in a simulated chemical

environment at 1 bar and 60◦C, that included a regolith simulant, a proposed mar-

tian brine and a Mars-relevant organic source (carbonaceous chondrite). The simu-

lated parameters of the chemical environment of subsurface Mars were not inhibitory

to hydrogenotrophic methanogenesis, suggesting it is feasible (from a metabolic per-

spective) that subsurface methanogens could be producing contemporary methane

on Mars.
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Chapter 1

Introduction

1.1 Aims and hypotheses

The research questions of this thesis are:

1. Is there an optimal set of growth parameters for methanogenic type-strains?

(RQ1)

2. Can methanogenic microbes produce methane (CH4) in the simulated thermo-

physical conditions present in subsurface Mars? (RQ2)

3. Can methanogenic microbes produce CH4 and other volatile organic com-

pounds (VOCs) in a simulated chemical subsurface martian environment?

(RQ3)

The hypotheses for these research questions are:

1. There is an optimal set of growth parameters for methanogenic type-strains;

a meso-thermic temperature, a non-zero NaCl salinity and neutral pH

� This hypothesis is broken down into twenty three more specific hypotheses

within the chapter

2. The thermophysical conditions of the upper kilometre of the martian sub-

surface will not inhibit methanogenesis of the hydrogenotrophic methanogen

Methanoculleus marisnigri
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3. The subsurface conditions of Mars are not inhibitory to the hydrogenotrophic

methanogen Methanothermococcus okinawensis.

4. Other VOCs are formed during chemical simulation experiments, as well as

methane

The intent for this thesis is to constrain the knowledge of the potential for biological

production of CH4 in the subsurface of Mars. Investigating the active production

of CH4 by microbial sources in localised martian settings is considered a high pri-

ority by the Committee on Space Research (COSPAR) (Kminek et al., 2016). The

subsurface of Mars is inaccessible for sampling and it is technically challenging to

attempt to do so. Therefore the conditions of the martian subsurface are simulated

and methanogenic microbes found on Earth are used to assess whether CH4 pro-

duction could occur in these simulated environments. Research questions two and

three refer specifically to simulating the potential conditions of subsurface Mars but

each question focuses on a specific set of variables. Answering these questions will

contribute to the field of astrobiology and aid in the interpretation of data returned

from Mars in the search for life there. Moreover, this will help to resolve the mystery

of whether any CH4 in the martian atmosphere could be biologically produced. This

will contribute to answering the question of whether life is potentially present on

another celestial body other than Earth.

What follows is a brief statement on the impact Covid-19 has had on this project

and thesis. This is followed by a literature review of topics pertinent to the whole

thesis. This includes an introduction to Mars and its habitability, CH4 on Earth

and Mars, and methanogens and methanogenesis. More specific topics pertinent to

only a single chapter will be introduced and critically reviewed within the relevant

chapter.

3



1.2 Impact of Covid-19

The first day of Covid-19 measures was 16th March 2020. Therefore, 45% of this

PhD was completed during a period of Covid-19 restrictions that severely impacted

on access to laboratories, to offices on campus and to access to quick and easy com-

munication with colleagues. A major impact of the Covid-19 measures on this PhD

project was the descoping of experiments, going from three planned data chapters

to two data chapters. Additionally, because the university campus was inaccessi-

ble from 16th March 2020 to July 2020, a meta-analysis chapter was conceived.

Lastly, despite additional funding being awarded and my registration on the PhD

being extended I completed the final six months away from campus due to financial

constraints. This once again limited access to campus and eliminated opportunity

for continued experiment work to be conducted. Each data chapter outlines more

specifically how Covid-19 measures affected the work in that chapter.

1.3 Mars

Mars is a rocky planet that has a differentiated core, mantle and crust (Lee and Hal-

liday, 1997). There are three periods of time for Mars, each of which with differing

characteristics and conditions. After its formation around 4.6 Ga ago Mars cooled

quickly. The Noachian period (4.1 to 3.7 Ga ago) was characterised by intense rates

of impact, valley formation and erosion; it was the most geologically active period of

Mars’ history (Hartmann and Neukum, 2001; Carr and Head, 2010). Approximately

70% of the crust was formed by the end of the Noachian period (Carr and Head,

2010). The contemporary crust extends to a depth of tens of kilometres (Zuber,

2000). As discussed later (section 1.3.1), features from the late-Noachian period

and early Hesperian period indicate that water could have persisted on the surface

of Mars during this period (Carr and Head, 2010; Lasue et al., 2019). Life on Earth

had already begun by this period (Oro et al., 1990), making it plausible that life

could have begun and evolved on Mars concurrently to Earth. In addition, data

from the Viking landers (Banin and Rishpon, 1979) and martian meteorites (Good-
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ing, 1992) suggested hydrated minerals such as clays were present on the surface of

Mars. The Mars Science Laboratory (MSL) rover also shows evidence of hydrated

mineralogy in Gale crater, indicating it is a formerly wet environment (Schröder

et al., 2015) both in terms of a long-standing body of water as well as subsequent

periodic groundwater activity (Thomas et al., 2020). During the Hesperian period

(3.7 to 3 Ga ago) impact, erosion and valley formation rates dropped, but volcan-

ism continued at a relatively high average rate contributing to resurfacing of at least

30% of the surface (Carr and Head, 2010). The Hesperian was a transitionary period

from potentially warm and wet conditions to dry, arid conditions of the Amazonian

period that are similar to the conditions present on contemporary Mars, that may

have restricted the refuges for life to the subsurface where liquid water might have

persisted. Geological activity declined into the Amazonian period (3 Ga ago to

present day), surficial water activity declined and surface feature alterations were

largely due to transiting ice masses (Carr and Head, 2010). Volcanism was also re-

stricted to the Tharsis and Elysium regions and ceased almost entirely a few hundred

millions years ago (Carr and Head, 2010), limiting the amount of CH4 potentially

outgassed from these locations if they ever did so (Ryan et al., 2006).

Unlike Earth, that has a solid inner core but a liquid outer core, the inner and outer

core of Mars are both solid and therefore no magnetic field is generated (Connerney

et al., 2001), that is a major contributor to maintaining conditions conducive to

life on the surface of Earth. However, there is evidence that a magnetic field was

present in Mars’ past (Connerney et al., 2001). The loss of a magnetic field exposed

the atmosphere to solar wind, effectively stripping most of the atmosphere from the

planet and reducing the potential that life could survive on the surface (Dehant

et al., 2007). Whilst this process is ongoing, it is slow and Mars does retain a thin

atmosphere.

The present-day atmosphere of Mars consists of 95% carbon dioxide (CO2), 3%

nitrogen (N2), 1.5% argon (Ar), 0.1% oxygen (O2), and 0.01% carbon monoxide

(CO) by volume (Jensen et al., 2008) as well as CH4 (see section 1.4.4), water

vapour and other trace gases (Maguire, 1977). The atmosphere has an average
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surface pressure of 6 mbar (600 Pa), but varies seasonally by 25% (Hess et al., 1979).

The average surface temperature of the atmosphere is -60◦C (with a range of -125◦C

to 41◦C) (Presley and Craddock, 2006). The surface is an oxidising environment

that is conducive to the destruction of organic matter (Benner et al., 2000; Yen,

2000; Kounaves et al., 2014; Freissinet et al., 2015; Lasne et al., 2016; Lewis et al.,

2021); it is bombarded by ionising and ultraviolet (UV) radiation and there is a lack

of liquid water. Therefore, it is generally agreed that it is highly unlikely that life

would be able to survive on the surface (Patel et al., 2003, 2004; Dartnell et al.,

2007b; Wadsworth and Cockell, 2017). Instead, the search for extinct or extant life

on Mars is focused primarily on subsurface environments.

1.3.1 Habitability of Mars

A habitable environment is defined as one that allows at least a single organism to

be metabolically active and able to grow and reproduce (Cockell, 2014). This is

different to an environment in which an organism can survive, as many microbes

are able to persist, without being metabolically active in conditions that are not

conducive to undertaking cellular activities. Typically, when conditions are altered

to become more conducive to safely undertaking metabolic activity, cellular processes

resume. For example, within methanogens they are able to persist in dry, aerated

soil despite being strict anaerobes and become reactivated when O2 levels decrease,

if H2O levels are high enough (Angel et al., 2012). A habitat is intrinsically linked to

the availability of three major components, which are required for all life on Earth,

these are (1) a solvent (2) an energy source and (3) common essential elements. In

addition, physical and chemical conditions, such as temperature, pressure and pH,

must be conducive to life.

Water

Water is the solvent for life on Earth, and as such the search to find life elsewhere

has followed the logic of “follow the water” (Hubbard et al., 2002). As previously
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stated, stable bodies of liquid water are not present on the surface of contemporary

Mars. However, evidence suggests that this was not the case on ancient Mars, with

morphological features such as fluvial valleys, deltas, outflow channels and gullies

(reviewed extensively in Lasue et al. (2019)), as well as geological evidence such

as aqueous altered minerals like phyllosilicates (Ehlmann et al., 2011; Lasue et al.,

2019) and evidence of martian evaporites derived from meteorite data (Forsythe

and Zimbelman, 1995; Bridges and Grady, 1999; Catling, 1999; Bridges and Grady,

2000), suggesting that large volumes of flowing water were present. Over time, as

conditions on the surface became detrimental to its persistence on the surface, water

may have retreated to the subsurface (Clifford and Parker, 2001; Lasue et al., 2013;

Carrozzo et al., 2017).

The hypothesis of a “wet” ancient Mars has been countered with a “dry” Mars

hypothesis (Carr and Head, 2015). However, there is a mounting body of evidence

to suggest water was, and might still be present in the subsurface (Orosei et al.,

2018; Salese et al., 2019; Orosei et al., 2020; Lauro et al., 2021). Three subsur-

face reservoirs have been suggested, the first is as an underground, near-surface, ice

layer, the second as deep liquid water, where subsurface temperatures are above the

freezing point of water (Lasue et al., 2019) and the third is as hydrated minerals

(Scheller et al., 2021). An ice layer reservoir was predicted by models (Fanale, 1976;

Clifford, 1993) and has been confirmed observationally in cross-sections of the mar-

tian column on scarps, that revealed exposed ice (Dundas et al., 2018; Malakhov

et al., 2020). It has also been suggested that ice depth and thickness are a func-

tion of latitude, where at higher latitudes the ice layer is shallower and extends to

much greater depths than at lower latitudes (Dundas et al., 2018; Malakhov et al.,

2020). A liquid water reservoir has also been suggested based on geological evi-

dence (Salese et al., 2019) and by interpretation of observational data using low

frequency sounding radar techniques (Orosei et al., 2018, 2020; Lauro et al., 2021),

where a large volume of liquid water at shallow depths of approximately 1.5 km

was reported. In addition, at such low temperatures, any liquid water is likely to

be briny and/or combined with basal soil to form a sludge (Orosei et al., 2018).

Alternatively, radar signals were also interpreted as frozen clay (Smith et al., 2021).
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Liquid water could be present elsewhere within the subsurface of Mars, as a large

amount of meltwater is required to be detectable using this technique (Orosei et al.,

2018). Alternatively, recent modelling work has suggested that approximately 30 to

99% of water was sequestered into minerals by weathering to form hydrated minerals

(Scheller et al., 2021), a much smaller quantity than lost to space during atmospheric

thinning. On Earth, the same weathering occurs but tectonics liberate water from

hydrated minerals due to increased temperature and volcanism out-gasses the water

into the atmosphere where it condenses into surface water bodies. Ancient Mars was

subjected to larger scale tectonic activity but contemporary Mars only experiences

minor tectonics (Platz et al., 2015). However, it may be possible that small volumes

of water are liberated from hydrated minerals in the subsurface at depths where

temperature is high enough (Vaniman et al., 2004; Vaniman and Chipera, 2006; Xu

et al., 2009). Models suggest that liquid water could be present in the upper-most

crust, before pore space becomes a limiting factor to its existence (Clifford, 1993;

Jones et al., 2011), but the extent of the cryo- and hydrosphere is still unknown

(Lasue et al., 2019).

Recent evidence, from the Mars Reconnaissance Orbiter (MRO), suggests the pres-

ence of short-lived seasonal liquid water seepage on the surface of Mars, termed re-

curring slope lineae (RSL) (Ojha et al., 2015). Mapping data from HiRISE, aboard

the MRO, has also been used to correlate RSL locations with tectonic and impact-

related faults and a heat-flow model that assumes the presence of subsurface water

suggests that the formation of RSL are consistent with a source approximately 750 m

below the surface (Abotalib and Heggy, 2019). When a liquid brine they are forced

up through a fracture, seep into surface regolith and could cause the distinctive

darkening of RSL. When temperatures reduce again, the liquid brine recedes into

fractures and freezes (Abotalib and Heggy, 2019). However, using observational data

Dundas et al. (2017) have suggested that seasonal changes in colouration of the re-

curring slope lineae (RSL) could instead be dry granular flows and are linked to sites

with angle-of-repose that exceed the stopping angle of regolith causing older more-

weathered regolith to slip down the slope revealing darker coloured, less-weathered

regolith. Additionally, the Mars Odyssey Neutron Spectrometer (MONS) found no
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substantial evidence of large briny aquifers to provide a source for the RSL, where

they were observed (Wilson et al., 2018). Therefore, a subsurface liquid water source

for RSL has either only been assumed based on modelled data (Abotalib and Heggy,

2019) or has been attributed to dry processes (Dundas et al., 2017). However, if the

water-based hypothesis is shown to be true, this would greatly increase the habit-

ability of the subsurface of Mars. It is worth noting, though, that Wadsworth and

Cockell (2017) suggest that if the RSL is in fact briny liquid water seepage, it would

be inhospitable to life, as the combination of UV radiation and perchlorate (hypoth-

esised to be present in the RSL) is significantly biocidal. However, presumably, the

entire subsurface reservoir is not mobile and so potentially only microbes within the

UV exposed portion of brine would be affected.

Energy sources

On Earth, primary production is driven by photosynthesis (conversion of light

into chemical energy) or chemolithotrophy (donation of electrons from inorganic

molecules to electron acceptors in a local environment). Photosynthesis is not an

energy-deriving process in subsurface environments, due to an absence of light. On

Mars, there are many potential electron donors and acceptors (Table 1.1). However,

dissolved terminal electron acceptors such as O2 as well as oxidised forms of nitro-

gen and sulphur, are low in availability (Reith, 2011). It has been suggested that

molecular hydrogen is the most abundant and used energy source in terrestrial sub-

surface environments (Nealson et al., 2005) including, potentially, in the subsurface

of Mars (Dzaugis et al., 2018). In fact, there is evidence to suggest that microbes

in subsurface environments facilitate the liberation of hydrogen from minerals to

ensure molecular hydrogen remains available (Parkes et al., 2011). Additionally,

serpentinisation reactions (discussed in section 1.4.5) in the deep subsurface could

produce hydrogen, which is transported upwards to a biosphere, if present (Oze and

Sharma, 2005).
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Table 1.1: Potential energy sources for chemotrophic life on Mars

Electron donor Electron acceptor Metabolism Comment
Chemolithotrophy
H2 CO2 Methanogenesis; acetogenesis;

C fixation via Wood-Ljungdhal
pathway

Hydrogen from hydrothermal al-
teration of mafic/ultramafic min-
erals (e.g., olivine) and microbial
mediation of H2 from mineral al-
teration (Parkes et al., 2011)

H2 Fe3+ Iron reduction Hydrogen from sources men-
tioned above

H2 SO2−
4 , S0 Sulphate reduction Hydrogen from sources men-

tioned above
H2 O2 Hydrogen oxidation
H2 ClO−

4 Perchlorate reduction
CH4 (Mn4+, Mn3+) Birnessite reduction
CH4 Fe3+ Ferrihydrite reduction
CH4 NO−

3 Anaerobic CH4 oxidation
CH4 SO2−

4 Sulphate reduction
CO H2O Carbon monoxide oxidation
CO O2 Aerobic carbon monoxide oxida-

tion
“CO oxidizers” are bacteria capa-
ble of growing with CO as a sole
carbon and energy source

CO NO−
3 Aerobic CH4 oxidation

CO SO2−
4 Sulphidogenesis

CO CO2 Methanogenesis; acetogenesis
Fe2+ CO2 Carbon dioxide reduction
Fe2+(basalt glass) O2, NO−

3 Iron oxidation Not confirmed for terrestrial mi-
croorganisms

Fe2+(aqueous) O2, NO−
3 Microaerobic iron oxidation

Fe2+(biotite) O2, NO−
3 Aerobic iron oxidation

Fe2+, Fe3(magnetite) NO−
3 Aerobic iron oxidation

Fe2+ NO−
3 Nitrate dependent iron oxidation from Price et al. (2018)

FeS2 MnO2, NO−
3 Anaerobic pyrite oxidation

S2− (Mn4+, Mn3+) Anaerobic sulphides oxidation
HS−(aqueous) O2, NO−

3

S0 NO−
3 Sulphur oxidation

S0 Fe+3 Anaerobic sulphur oxidation Occurs in acidic conditions
S0 MnO2 Sulphur oxidation
H2S, HS−, S0, H2O

2−
3 O2 Oxidation of reduced sulphur

compounds
NH3 O2 Oxidation of ammonia Part of nitrification process
NO−

2 H2O Oxidation of nitrite Part of nitrification process
NH4 NO−

2 Anammox

Chemoorganotrophy
Organics Fe+3 Iron reduction Carbon from abiotic/prebiotic

sources as well as biogenic; hy-
drogen from sources mentioned
above

Organics SO2−
4 Sulphate reduction Carbon and hydrogen sources as

above
Disproportionation
Organics Organics Fermentation Carbon sources as above

Adapted from from Westall et al. (2015). Newer data cited separately in comments.

Common essential elements

The common essential elements for life on Earth are carbon, hydrogen, nitrogen,

oxygen, phosphorus and sulphur (often abbreviated as CHNOPS; Figure 1.1).

Carbon is especially important as all life on Earth is carbon-based, and the same is
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assumed for extraterrestrial life. Carbon could be present in the subsurface of Mars

as either organic molecules (Eigenbrode et al., 2018), carbonates (Bridges et al.,

2019) or trapped atmospheric CO2. CO2 trapped within the pore spaces of subsur-

face Mars could be available to autotrophic microbes (Cockell, 2014). Also, some

carbonates could dissolve to form CO2 (Kral et al., 2014), providing CO2 to the

subsurface, if no atmospheric CO2 is present within the pore space. Heterotrophic

microbes, which obtain their carbon from organic sources, could access organic car-

bon (Cockell, 2014) that is hypothesised to be be present in the martian subsurface

based on analysis of the interior of surface sedimentary rocks (Eigenbrode et al.,

2018), and in carbonaceous chondrites that are primitive meteorites thought to have

bombarded Mars and delivered organics during Mars’ formation and over its geologi-

cal history (Flynn, 1996; Benner et al., 2000). Between 5.40±1.17 to 0.07±0.02 wt%

of carbonaceous chondrite material is carbon based (Pearson et al., 2006). Soluble

organic material within carbonaceous chondrites, which makes up 30% or less of the

total carbon content (Sephton, 2002), has been shown to be biologically available for

some bacteria (e.g. Deltaproteobacteria Geobacteraceae and Desulfuromonadaceae;

Waajen et al., 2022). This demonstrates the bioavailability of soluble organic mate-

rial in carbonaceous chondrites that might be available to microbes in the martian

subsurface, but how much is present and how much of what is present is bioavailable

to Mars-relevant microbes is unknown.

Figure 1.1: The major element distribution of major macromolecules in microorganisms. Adapted
from “Brock Biology of Microorganisms (Global Edition)”.

Nitrogen is present in all amino acids, that contain an amine group (NH2). However,

to be available to most microbes nitrogen must be available in a fixed (organic) form

(Cockell, 2014); nitrogen fixing is a process that is primarily carried out by microbes
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on Earth (Fowler et al., 2013). Fixed nitrogen species have been detected in martian

meteorites (Wright et al., 1992; Grady et al., 1997), that originate from Mars. They

have also been detected within mudstone at Gale Crater, by the MSL rover (Stern

et al., 2015), and could be native or delivered by bolides (Navarro-González et al.,

2019). The terrestrial nitrogen cycle involves the denitrification of fixed nitrogen

species to release inorganic molecular nitrogen back into the atmosphere (Capone

et al., 2006), however, on Mars the potential lack of denitrifying microbes could cause

a subsurface reservoir of nitrates (NO−
3 ) to build up (Stern et al., 2015). Evidence

suggests abiotic processes exist that could produce fixed nitrogen, such as thermal

(Brandes et al., 1998) and photochemical (Dubowski et al., 2002) processes. Nitro-

gen is a component of the atmosphere of Mars (Jensen et al., 2008) and the Viking

missions tentatively suggested a detection of nitric oxide (NO) (Nier and McElroy,

1977), although further searches have failed to detect it at a much greater sensitivity

(Krasnopolsky, 2006a). Nitric oxide (NO), hydrogen cyanide (HCN), cyanide (CN)

and acetronitrile (CH3CN) have been tentatively detected in gas samples analysed

by MSL (Stern et al., 2015; Navarro-González et al., 2019), however, these could

be due to nitrogen sources on the rover. Other nitrogen-bearing species that are

potentially present in the atmosphere, but that have not yet been detected include

nitrous oxide (N2O) and ammonia (NH3) (Villanueva et al., 2013). HCN has not

been detected by orbital instruments (Villanueva et al., 2013), but its presence could

indicate ancient nitrogen fixing processes (Mancinelli and Banin, 2003). If water

were abundantly present over long timescales in Mars’ history, then fixed-nitrogen

species could have potentially accumulated in the martian regolith (Mancinelli and

Banin, 2003). Furthermore, modelling work suggests that photochemically produced

fixed nitrogen species present in nanometre scale thick liquid films could diffuse both

into the subsurface as well as outgas into the atmosphere (Boxe et al., 2012).

Oxygen is present in an abundance of organic molecules present in living cells, in-

cluding in key functional groups in amino acids (carboxyl) as well as in ribose sugar

in DNA to name just two. Condensation reactions are also a key processes in bond-

ing molecules together inside cells, which releases a water molecule made up from

a hydrogen and a hydroxyl (OH) group formerly attached to the one of the two
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molecules being joined together. Modelling suggests that the concentration of oxy-

gen within magnesium- and calcium-perchlorate brines in putative surficial water

within RSL is above the threshold for required terrestrial life, suggesting that aero-

bic life could survive (Stamenković et al., 2018). However, this scenario is unlikely

as it contradicts the aforementioned evidence of the biocidal effect of the combina-

tion of perchlorate and UV radiation (Wadsworth and Cockell, 2017). Oxygen is

also only a minor component of the martian atmosphere (Jensen et al., 2008), po-

tentially released from potassium-, magnesium- and sodium-chlorate species during

temperature-dependent reactions (Hogancamp et al., 2018). However, the subsur-

face of Mars is likely to be an anoxic environment and oxygen is likely incorporated

within other oxygen-bearing species, such as water, carbon dioxide, sulphates and

perchlorates etc. (Cockell, 2014), all of which are plausibly present in the martian

subsurface, but none are suitable electron acceptors for aerobic microorganisms.

Table 1.1 does give examples of potential anaerobic chemotrophic metabolisms for

which water, carbon dioxide, sulphates and perchlorates are suitable electron accep-

tors.

Phosphorus is present in most cells as a phosphate (PO3−
4 ) in the phospholipid

bilayer component of cell membranes, in all cells as a phosphate backbone to the

genetic molecules deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), and in

the energy-conservation molecule adenosine triphosphate (ATP).

Phosphorus has been detected as the mineral whitlockite in the Allan Hills martian

meteorite (ALH84001) (Boctor et al., 1998) and phosphor-bearing minerals such as

merrillite (Usui et al., 2008) and apatite (McGlynn et al., 2012) have also been de-

tected in Gusev crater from spectral data collected by the Mars Exploration Rovers

(Cockell, 2014). Both of these minerals are the dominant phosphate-bearing mineral

phases found in martian meteorites (Jolliff et al., 2006) and in alkaline basalts (<

1% weight abundance) in Gale crater (Stolper et al., 2013). It has been hypothesised

that there could have been up to 45 times as much bioavailable phosphate released

on early Mars, when wet, compared to on early Earth and that could have resulted

in there being twice as much bioavailable phosphate on Mars now, compared to
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prebiotic Earth (Shen et al., 2020).

Sulphur is present in two amino acids in all living cells on Earth, methionine and

cysteine. Sulphur-bearing minerals are thought to be distributed throughout the

martian subsurface, although the extent of the abundance of sulphur is unknown

(Cockell, 2014; Franz et al., 2019). However, for sulphur to be accessible to most

microbes it will likely have to be present in gaseous volatiles such as H2S and SO2

(Cockell, 2014; Perona et al., 2018), and although these compounds have not been

detected in the atmosphere below an upper limit of 0.3 ppb for SO2 (Krasnopolsky,

2012) and 23 ppb for H2S, their presence in the subsurface has not been precluded

(Gaillard et al., 2013; Cockell, 2014; Franz et al., 2019). Dissimilatory sulphate

reduction is performed by a specific group of microbes (sulphate-reducing microbes;

Muyzer and Stams, 2008) whereas assimilatory sulphate reduction is performed by a

wider range of microbes (Daniels et al., 1986; Cifuentes et al., 2003; Yu et al., 2018)

such as some, but not all, methanogens (Daniels et al., 1986). Sulphates were first

detected by the Viking landers at both landing sites and the sulphur abundance in

the samples analysed was twice as high as in Earth’s crust (Clark et al., 1976). This

was confirmed by the Spirit rover that confirmed favourable concentrations of MgO

and CaO to imply that MgSO4 and CaSO4 were present in the regolith (Haskin

et al., 2005). The SAM instrument on MSL has detected sulphates and sulphides

(Schwenzer et al., 2016; Franz et al., 2017; Kah et al., 2018), that could potentially

volatilise to produce SO2 and H2S during high-temperature reactions (McAdam

et al., 2014). Whether this process could occur in contemporary subsurface Mars or

whether all the sulphur has already been liberated and diffused into the atmosphere,

is unknown.

In summary, the energy, chemical and solvent requirements for life are potentially

present in the subsurface of Mars. In addition, the thermophysical conditions fall

within the parameters for life in the near-surface subsurface. Temperatures are

more stable at depths greater than approximately 3 m below the thermal skin depth

of the planet (Spohn, 2012) and include temperatures suitable for psychrophilic,

mesophilic and thermophilic microbes (Jones et al., 2011) (Figure 1.2). Pressure
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and temperature both increase with depth (Jones et al., 2011). The rock layer also

acts as a shield, protecting any subsurface life from UV radiation (Mancinelli and

Klovstad, 2000) and ionising radiation (Dartnell et al., 2007b). Altogether, this

suggests that the near-surface subsurface of Mars is habitable for life assuming that

any life present possesses similar requirements and characteristics to life on Earth

and has therefore been designated a Mars ”special region” (Kminek et al., 2010).

Figure 1.2: Superposition of martian environments and the phase space of liquid water on a
temperature-pressure (T-P) plot. A and B represent the temperature at the summit of Olympus
Mons on the hottest and coldest days of the martian year; C and D are the minimum recorded and
maximum recorded surface temperatures (at the southern polar cap and the Opportunity landing
site, respectively); E, F and G are the P-T conditions in the most shallow, most deep and at the
plausible maximum T of the core-mantle boundary (modelled average); HB is the P-T conditions
in Hellas Basin (averaged over orbital measurements by Mars Global Surveyor) and PL is the T-P
conditions at the Phoenix landing site (modelled average). Taken from Jones et al. (2011)

.

Detecting a potentially inhabited environment is not limited to directly identifying

the presence of extant life. If life is present it will have an effect on its surrounding

environment. On Earth, examples of these types of biosignature include geomor-

phological, morphological, chemical and atmospheric alterations that are caused

primarily by the presence of life. In particular, volatile products that result from

metabolism by living organisms can be potentially mobile if free paths are available.

This could result in a trace gas biosignature being present within the atmosphere of

a planet. An example of such a trace gas is CH4.
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1.4 Methane

Methane is present in the atmosphere of some celestial bodies, including Earth, and

has astrobiological implications as it can be produced by methanogenic microorgan-

isms and consumed by methanotrophic microorganisms (biotic production), how-

ever, it can also be produced geologically (abiotic production). This section details

the methods used to distinguish biotic and abiotic methane, the limitations of these

methods and how that relates to methane potentially present in the martian atmo-

sphere. Following this is an introduction to methane in the terrestrial atmosphere

then a critical discussion of the search for methane on Mars.

1.4.1 Biotic and abiotic CH4 production and distinguishing

between the two

Stable isotope fractionation

Fractionation is the process by which the relative abundance of isotopes of the same

element are affected. Stable isotope fraction is more focused on the relative abun-

dance on stable isotopes of the same element. Biological processes can fractionate

stable isotopes of elements as it is kinetically more favourable to metabolise lighter

isotopes compared to heavier isotopes, enriching metabolites in lighter isotopes.

Carbon has two stable isotopes that differ in relative abundance on Earth, carbon-

12 (12C, 98.9%) and carbon-13 (13C, 1.1%). Carbon compounds on Earth can be

characterised using the ratio of 13C/12C present in molecules, compared to the carbon

isotope ratio of a known standard (Craig, 1957), that is then normalised to zero and

multiplied by 1000 to obtain a δ13C value per mil (h) as described in the equation

δ13C =

((
13Csample/

12Csample

13Creference/12Creference

)
− 1

)
× 1000 (h) (1.1)

The reference standard for carbon is the Vienna Pee Dee Belemnite (VPDB) stan-

dard (Criss, 1999), that has an anomalously high 13C:12C with a value of 0.01123720
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compared to most other carbon isotope ratios. Therefore, δ13C values typically have

a negative value and lower values typically indicate a biologically produced molecule.

Hydrogen has two stable isotopes, basic hydrogen and deuterium (D). Similarly to

carbon, fractionation of hydrogen isotopes occurs both in biotic and abiotic systems

and the physical processes that determine how the two isotopes are fractionated are

the same. Therefore, in a terrestrial setting, the D/H ratio may partially indicate

whether the production method of a molecule containing hydrogen was biotic or

abiotic.

Methane has ten stable isotopologues (Table 1.2). Due to the rarity of individual

element isotopes, the chance of an isotopologue of CH4 forming decreases with a

greater number of substitutions from the base molecule and is also dependent on

whether the substitution is for carbon or hydrogen. Given the rarity of 12CH2D2 and

triple and higher substitutions on Earth, they are generally ignored. The chemistry

and physics of CH4 isotopologue formation is almost certainly the same on Mars and

so only the four highest abundant isotopologues are considered. On Earth, biotic

CH4 has a more negative δ13C value (typically < -60h) than abiotic CH4 (typically

> -50h).

Table 1.2: Isotopologues of CH4 and their terrestrial abundance

No. of substitutions Composition Relative abundance (on Earth)
Unsubstituted 12CH4 98.88 %

Single substitution
13CH4 1.07 %
12CH3D 0.045 %

Double substitution
13CH3D 0.000492 %
12CH2D2 7.848×10−6 %

Triple substitution
13CH2D2 8.488×10−8 %
12CHD3 6.018×10−10 %

Quadruple substitution
13CHD3 6.509×10−12 %
12CD4 1.73×10−14 %

Quintuple substitution 13CD4 1.871×10−16 %

Values from Stolper et al. (2014)

Lighter methane isotopologues in the upper atmosphere experience a higher loss

rate due to increased photochemistry, compared to heavier isotopes in the lower

atmosphere (Nair et al., 2005). However, given that atmospheres are dynamic,

causing mixing mechanisms such as wind (Sagan et al., 1972), this might limit that
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effect. Additionally, if CH4 is due to a subsurface genesis, the molecular weight of

each isotope will also influence the diffusion rate, fractionating the isotopes before

release into the atmosphere (Stevens et al., 2017) as 12C compounds diffuse upwards

towards the surface faster than 13C compounds (Stevens et al., 2017).

Mass fractionation would also fractionate carbon dioxide, which is typically the

carbon source when methane is produced. Carbon dioxide δ13C values correlate

linearly with changes in CH4 δ13C value, however this effect is not 1:1 (Schulze

et al., 1998; Raco et al., 2014). Therefore carbon dioxide could be more enriched

in 13C as a function of depth. This will alter the starting inventory of isotopes of

carbon present in carbon dioxide molecules available as a substrate to any potential

methanogens (CH4-producing microbes) fixing carbon dioxide (Section 1.5). Uptake

of 12C in carbon dioxide would result in a depletion of 13C in the CH4. However,

if more 13CO2 is fixed by methanogens because of a relatively lower abundance of

12CO2 than higher in the subsurface then the CH4 produced will be more enriched

in 13CCH4. A higher δ13C value is more typical of non-biologically produced CH4

and so may mask a biological signature. Heavier isotopes of CH4 will then diffuse

more slowly upwards from the production source to the surface, which fractionates

the produced CH4 and masks the δ13C value from that at the source point. This

also highlights the limitation of using an Earth based reference standard to compare

to a martian derived 13C:12C, as the reference standard is unlikely to represent a

true zeroing point with which to normalise Mars samples to.

High-pressure environments, such as the subsurface, could affect the fractionation

of carbon during microbial CH4 production, resulting in heavier CH4 and a higher

δ13C, that is normally characteristic of abiotic CH4 production (Takai et al., 2008).

Pressure and temperature, though, are not thought to alter the isotopic composition

of CH4 during diffusion processes from the subsurface to the surface (Stevens et al.,

2013, 2017). Therefore, due to higher pressure, a higher than expected δ13C value for

biotic CH4 might be present within the subsurface at the location of CH4 production,

when compared to the same process occurring at lower pressure.

Altogether, this demonstrates the complexity of obtaining a δ13C value for martian
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samples, especially when collection data regrading methane and carbon dioxide iso-

topic compositions from the middle and upper atmosphere to make inferences about

subsurface methane production mechanisms. Therefore, more than one line of ev-

idence should be considered when interpreting isotopic composition and molecule

abundance data.

Methane-to-ethane ratio

Whilst the individual δ13C value of CH4 is a useful indicator of its production

source (i.e. biotic or abiotic), δ13C is not considered unambiguous. However, when

considered together with ethane and plotted against the ratio of CH4-to-ethane

(Figure 1.3), a much less ambiguous separation of biotic and abiotic signatures

is achieved. Microbes produce CH4 in larger quantities than other hydrocarbons,

whereas thermogenic and geological CH4 and ethane production rates are far more

variable, although, CH4 is generally produced in equal or larger quantities than

ethane or other hydrocarbons (Etiope, 2018). Figure 1.3 shows how using both the

stable isotope of CH4 and ratio of CH4 to the sum of other hydrocarbons in combi-

nation could provide a distinct biotic CH4 signature. However, caution must be used

when applying this method to interpret data from planetary bodies beyond Earth.

The starting stable isotope conditions on Mars could be different from Earth, shift-

ing the data along the x-axis of Figure 1.3. Also, any potential martian microbes

producing CH4 could hypothetically produce as much ethane as they produce CH4,

shifting the data on the y-axis of Figure 1.3, There are no examples of this on

Earth, but given ethane has not yet been reported even when CH4 has (Krasnopol-

sky, 2012), and this implies that ethane is not being produced concurrently with

methane in similar quantities.
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Figure 1.3: Correlation between the δ13C of CH4 and the ratio of the abundance of CH4 to other
alkanes for various potential CH4 sources. Microbial methanogenesis (green) is clearly distinct
from non-microbial methanogenesis (black - thermogenic, blue - Precambrian shields (flat regions
of surficial rock that remain geologically unaltered since before the Cambrian period, 570 Ma ago;
Allaby (2013), red - igneous geology (rocks that have crystallised from a magma; Allaby (2013))).
From Allen et al. (2006); Horita and Berndt (1999).

1.4.2 The terrestrial atmosphere

Methane is present in the atmosphere of Earth and is an important greenhouse gas

as it absorbs energy at infrared (IR) wavelengths (Conrad, 2007), meaning it is

observable by spectroscopy instruments capable of detecting the interaction of IR

and CH4.

On Earth, CH4 is produced in many environments, including both natural and an-

thropogenic. Microbially produced methane in wetlands is a major natural source

and contributes to over half the produced CH4 (Kirschke et al., 2013; Saunois et al.,

2020). Other environments that host microbes that produce methane include per-

mafrost, freshwater lakes, rumen of wild mammals and the digestive tract of termites.

Other naturally occurring but none-microbial methane sources include wildfires and

geological processes (Kirschke et al., 2013). Anthropogenic environments that host

methane producing microbes include agriculture (including domesticated animals)

and waste disposal. Whilst anthropogenic environments where methane is produced

abiotically include biomass burning and fossil fuels. Anthropogenic sources arguably
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produce at least as much CH4 as natural sources (Kirschke et al., 2013). Methane

from all sources can be stored in clathrate hydrates (See section 1.4.5).

Almost all natural and anthropogenic sources are due to CH4-producing microbes,

known as methanogenic archaea, that inhabit those environments. Approximately

80-85% of CH4 produced globally each year is via biogenic sources and approximately

60-70% is produced by methanogens, with chemical processes acting on plant mat-

ter making up the deficit in biotic production (Kletzin, 2007; Conrad, 2009). As

microbial CH4 production contributes to the atmospheric CH4 abundance on Earth,

then potentially if methanogens are present and metabolically active on Mars they

could contribute to its atmospheric abundance.

Approximately two thirds of methane in Earth’s atmosphere is oxidised by methan-

otrophic organisms that use CH4 as a substrate before reaching the atmosphere

(Kletzin, 2007) but microbes are still thought to contribute up to one billion tons of

CH4 annually (Costa and Leigh, 2014). The primary atmospheric CH4 sink is oxi-

dation by hydroxyl (OH) radicals in the troposphere, whilst some radical chemistry

occurs in the stratosphere and the ocean, and a minor quantity is adsorbed into soil

(Kirschke et al., 2013).

1.4.3 Methane associated volatile organic compounds

Volatile organic compounds (VOCs) such as ethane, methanol and formaldehyde are

important photochemical and atmospheric chemical products of reactions involving

CH4 but have yet to be detected in the martian atmosphere.

On Earth, ethane is produced in equal quantities with CH4 in thermogenic reactions,

but in much lower quantities when CH4 is produced biotically (Bernard et al., 1976).

Ethane can also form photochemically in the martian atmosphere using an excited

oxygen molecule liberating a hydrogen (Equation 1.2). Ethane has an estimated

modelled chemical lifetime of 25 days in the martian atmosphere (Wong et al.,

2004). Formaldehyde in Earth’s atmosphere is produced photochemically from CH4

and has a very short lifetime (Rana et al., 2019).
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CH4
hν,O(1D),OH−−−−−−−−→ CH3

CH3−−→ C2H6 (1.2)

1.4.4 Searches for VOC trace gases in the martian atmo-

sphere

An upper limit of 0.2 ppb for ethane has been reported (Krasnopolsky, 2012). The

photochemical products of ethane, acetylene and ethylene, have also been searched

for but not detected with sensitive upper limits established of 3 ppb (Maguire, 1977)

and 4.2 ppb (Villanueva et al., 2013).

Formaldehyde has an expected modelled lifetime of between 7.5 hours (Villanueva

et al., 2013) and two weeks (Summers, 2002) in the martian atmosphere. Detect-

ing formaldehyde would be difficult due to its extremely low abundance and short

lifetime. If detected in the martian atmosphere, it would be in extremely close

proximity to a CH4 emission source. Korablev et al. (1993) tentatively reported a

detection of formaldehyde at the ppm level, which would imply a CH4 mixing ratio

of ∼3 ppm (Krasnopolsky et al., 1997). A large concentration of CH4 (approxi-

mately 100 ppm) is predicted to be required to achieve a part-per-trillion level of

formaldehyde (Wong et al., 2004). Upper limits in the single-digit ppb level have

since been established (Krasnopolsky et al., 1997; Villanueva et al., 2013).

Methanol has not been detected in the martian atmosphere. The photochemical

lifetime is much longer than other photochemical products of CH4 (∼74 days). Vil-

lanueva et al. (2013) predict an abundance below ∼10−6 ppb, if produced solely from

CH4. An upper limit of 6.9 ppb has been established for this molecule (Villanueva

et al., 2013).

Mariner 9 made the first searches for CH4 in the atmosphere of Mars (Maguire,

1977). A number of research groups have reported the presence of CH4 in the

atmosphere of Mars at varying concentrations (Table 1.5) using a suite of different

instruments (Table 1.3). Searches for CH4 have been conducted using ground-based

telescopes, orbiters and in situ using a rover.

22



Table 1.3: Instruments used to search for CH4 in the martian atmosphere, their location and
additional details

Instrument Location
Spectral
Resolution
(cm−1)

Notation for
this document

References

Planetary
Fourier
spectrometer
(PFS)

Aboard Mars
Express (MEX)
orbiting Mars

1.3 PFS/MEX

Formisano et al.
(2004);
Geminale et al.
(2008);
Geminale et al.
(2011)

Thermal
emission
spectrometer
(TES)

Aboard Mars
Global Surveyor
(MGS) orbiting
Mars

6.5/12.5
(High-resolution
mode/Low-
resolution
mode,
respectively)

TES/MGS
Fonti and
Marzo (2010)

Tuneable laser
spectrometer
(SAM)

Sample analysis of
Mars (SAM)
aboard Mars
Science Laboratory
(MSL), Gale crater
on the surface of
Mars

0.0002 TLS/SAM
Webster et al.
(2015)

Fourier
transform
spectrometer
(FTS)

Canada-France-
Hawaii (CFH)
Telescope (In
Hawaii, USA)

0.0163 FTS/CFH
Krasnopolsky
et al. (2004)

CSHELL
Nasa Infrared
telescope facility
(IRTF) (Hawaii)

0.07 (at
observed band)

IRTF/CSHELL

Mumma et al.
(2009);Krasnopol-
sky
(2012);Vil-
lanueva et al.
(2013)

Near infrared
spectrometer
(NIRSPEC)

Keck observatory
(Hawaii, USA)

∼0.12 NIRSPEC/K

Mumma et al.
(2009);
Villanueva et al.
(2013)

Echelon-
Cross-Echelle
Spectrograph
(EXES)

Stratospheric
Observatory for
Infrared
Astronomy
(SOFIA)

higha EXES/SOFIA
Aoki et al.
(2018)

Cryogenic
high-resolution
IR echelle
spectrograph
(CRIRES)

Very Large
Telescope (Chile)

0.03 (at
observed band)

CRIRES/VTL
Villanueva et al.
(2013)

Nadir and
occultation for
Mars discovery
(NOMAD)

ExoMars Trace
Gas Orbiter
(TGO), orbiting
Mars

0.15 to 0.30 NMD/TGO
Vandaele et al.
(2015)

Atmospheric
chemistry suite
(ACS)

ExoMars TGO,
orbiting Mars

0.8 to 0.13
(TIRVIM
channel)

ACS/TGO
Korablev et al.
(2017)

iSHELL
Nasa Infrared
telescope facility
(IRTF) (Hawaii)

higha IRTF/iSHELL
Novak et al.
(2019)

a Not specified in literature
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Synthetic spectra

Synthetic spectra are commonly used for comparison with spectroscopic data for

VOC abundance reporting, atmospheric component characterisation and to estimate

physical features of planetary atmospheres. They are used to directly compare the

expected spectral line and line depth at different spectral resolutions or wavelengths

to the observed line and line depth. Synthetic spectra are determined using math-

ematical modelling of known atmospheric and instrument parameters. As these

parameters are likely to be estimates, or even best guesses, the reliability of the

spectrum obtained often incurs high error. Synthetic spectra as a baseline for CH4

abundance reporting must be highly accurate in order to reduce the error. Failure

to constrain this error could result in erroneous reporting of CH4 abundances.

Earth-based telescope observations

Earth-based telescopes conduct searches for CH4 in other planetary atmospheres

from high-altitude observatories on Earth to mitigate the interference of CH4 present

in the atmosphere of Earth. The concentration of CH4 in Earth’s atmosphere is

significantly higher than in Mars’ atmosphere and so retrieval models are also often

used to remove telluric (Earth) CH4, as well as Fraunhofer (solar) lines.

A strong release of CH4 was detected in Mars Year (MY) 26 (Earth year 2003) us-

ing the IRTF/CSHELL ground-based telescope in Hawaii (Mumma et al., 2009). A

small release was then detected in MY 28 (2006) (Table 1.5) (Mumma et al., 2009)

using the same instrument, as well as the NIRSPEC/K telescope in Hawaii. The

2003 release was hypothesised to be a plume that was tracked throughout northern

summer (LS = 122◦ and 155◦) and was shown to increase in CH4 abundance over a

short amount of time (from LS 121.5 to LS 155), with a peak that moved equato-

rialward. The putative plume was suggested to be comparable in release strength

to CH4 outgassing in some locations on Earth, reaching an average mixing ratio of

∼33 ppb within the plume (Mumma et al., 2009). At its maximum size it spanned

60◦ in latitude and longitude from the centre of the peak (0◦ lat, 310◦W long). The
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MY 28 northern autumn observation (solar longitude(LS) = 17.2◦) showed a smaller

concentration of CH4 suggesting that CH4 release might be seasonally dependent.

The estimated average mixing ratio for the whole atmosphere was calculated to be

∼6 ppb for MY 26 northern summer but only ∼3 ppb for MY28 during northern

autumn (Mumma et al., 2009). These data suggest discrete regions of CH4 release

and a much shorter destruction time than previously predicted.

Methane was detected at 10 ppb by the high spectral resolution FTS/CFH (Krasnopol-

sky et al., 2004) and IRTF/CSHELL (Krasnopolsky, 2012) ground-based telescopes

in Hawaii. Observations in the 2004 survey were susceptible to strong wind that con-

siderably reduced the signal-to-noise ratio, as well as brightening of the atmosphere

and darkening of the martian disk in limb viewing geometry, where assumptions had

to be made about light scattering dynamics. Heavy contamination by telluric lines

of CH4 and water vapour were also observed (Krasnopolsky et al., 2004). Due to

the uncertainties involved and the short duration of the study, it has been suggested

that these observations be considered as upper limits as opposed to discrete detec-

tions of CH4 (Mumma et al., 2009). Krasnopolsky (2012) made further searches

for CH4 using an improved methodology that excluded the use of a synthetic spec-

trum and instead took simultaneous spectra of the Moon, because it has a thin

atmosphere and is considered an airless body. The lunar spectra acted as a negative

control containing no CH4 that can be subtracted from spectra generated from Mars

observational data to give the concentration of CH4 in the martian atmosphere.

Most recently, Novak et al. (2019) presented initial results of a short search for CH4

and other hydrocarbons made in January 2017 and January 2018 (MY 34) during

northern winter (LS 293◦) and northern summer (LS 122◦) respectively, using the

IRTF/iSHELL instrument. A global mixing ratio of 25 ppb was reported with local

abundances of up to 35 ppb.

Objections have been raised to the prospect of CH4 in the martian atmosphere for

various reason. Those pertaining to the reported detection of the gas by Earth-based

instruments include (1) the large difference between the concentration in Earth’s

atmosphere compared to Mars’, whereby a telluric absorption line would be as much
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as 2000 times stronger than a methane absorption line (Zahnle et al., 2011). The

Doppler shift adjustment would separate the centre of telluric and martian CH4 lines,

but this would result in the martian lines still being in the same spectral region as

the wings of the telluric lines (Zahnle et al., 2011); (2) furthermore, Zahnle et al.

(2011) point out that Krasnopolsky (2007) reported no methane with an upper limit

of ∼20 ppb, and this was attributed to complications arising from contamination

of spectra with telluric 13CH4 lines and water lines. (3) Zahnle et al. (2011) also

mention that (Mumma et al., 2009) do not mention these telluric lines in their

analysis. This potentially suggests that Mumma et al. (2009) have reported telluric

methane and water as martian methane. (4) Mumma et al. (2009) also use only

synthetic spectra and other modelling to reduce their data, which could lead to

inaccuracies in removing all of the telluric methane, with no attempt to obtain a

blank measurement (i.e. not pointing at Mars) to more accurately quantify the

methane concentration present in the terrestrial atmosphere (Zahnle et al., 2011).

(5) Where telluric lines are relatively well accounted for (Krasnopolsky et al., 2004),

data are still subject to interference with martian isotopic CO2 lines and it is argued

that data could be an instrumental effect or noise (Zahnle et al., 2011).

Orbital observations

Instruments mounted onto spacecraft are required to be lightweight and compact.

Therefore, spectrometers present on orbiters sent to Mars to sound the atmosphere

are purpose built to fulfil this requirement. A consequence of the smaller design

is a loss of spectral resolution when compared to similar instruments mounted on

Earth-based telescopes, reducing the ability to distinguish between different peaks

at a similar wavelength (Table 1.3). This in turn increases the reliance on retrieval

modelling to tease apart distinct spectral features. However, the advantage of having

an instrument in orbit is increased spatial resolution and direct sounding without

the interference of gases in Earth’s atmosphere.

Detections of CH4 were reported from orbit by the PFS/MEX at a concentration

of between 10 to 15 ppb (Formisano et al., 2004; Geminale et al., 2008, 2011), and
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the TES/MGS orbiter at a higher concentration of up to 70 ppb (Fonti and Marzo,

2010)(Table 1.5, Figure 1.5). The TES/MGS could not identify CH4 features in

individual spectra. Therefore, large scale averaging of thousands of spectra was re-

quired to find the CH4 band. This approach was supported statistically due to the

TES/MGS relatively high noise equivalent spectral radiance, which uses the root

mean square of data to estimate the accuracy of error (Fonti and Marzo, 2010). De-

spite this, such large scale averaging could potentially lead to masking of instrument

error. In addition these searches were conducted using the second strongest CH4

band, potentially increasing the difficulty of resolving the data and increasing the

reliance on modelling. However, the mixing ratio should remain at a similar level

to searches made for CH4 at the strongest CH4 band, whereas reported abundances

were ∼7 times larger than the average reported global mixing ratios in other stud-

ies. Data were reprocessed to eliminate potentially anomalous and noisy data but

ultimately the outcome did not alter the conclusion of the original analysis (Fonti

et al., 2015).

PFS/MEX observed CH4 in the strongest spectral region, which is also the region

the instrument performs best (Formisano et al., 2004). However, averaging of data

was required to increase the signal to noise ratio and calculate abundances from the

line depth when compared to a synthetic spectrum that included carbon dioxide (at

atmospheric pressure), water (at 350 ppm), dust and water ice clouds (Formisano

et al., 2004). Uncertainties with fitting the synthetic spectra, due to interference of

unidentified molecules in the martian atmosphere, solar lines and water lines was

also reported and the reported mixing ratio was tentative at best. Additionally, data

from only 40 orbits were analysed, 16 during MY 26 northern winter and 24 during

MY 27 spring, limiting interpretation in terms of seasonal and spatial variances.

PFS/MEX was also subject to potential mechanical disturbances that produced

vibrations in the IR channels and IR is particularly sensitive to vibrations, causing

increased levels of noise (Comolli and Saggin, 2005).

Geminale et al. (2008) also analysed spectra from PFS/MEX, but over a greater

timescale compared to Formisano et al. (2004). Approximately two martian years of
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spectral data were collected and analysed based on their suitability for seasonal, spa-

tial and diurnal studies. Many spectra were appropriate for multiple studies. Table

1.4 details the number of spectra, general trend of data and a range of abundances

for each study and shows that each study had approximately the same average abun-

dance of CH4. Accompanying observational data of water vapour abundances (at

ppm levels) were provided for each study and highlight potential similarities between

water vapour abundance patterns and CH4 abundance patterns in the data.

Table 1.4: Summary of CH4 abundances from Geminale et al. (2008) in seasonal, spatial and
diurnal contexts

Study no. of Trend Abundance Abundance Abundance
spectra (Study type) (maximum) (minimum) (average)

Seasonal (LS) 30,561 neg correlation ∼21 ppb ∼5 ppb 14 ± 5 ppb
Longitudinal 16,785 East to West ∼24 ppb ∼7 ppb 17 ± 5 ppb
Latitudinal 9250 na ∼26 ppb ∼21 ppb 12 ± 5 ppb

Diurnal 15,370 Peak at ∼midday ∼24 ppb ∼11 ppb 17 ± 5 ppb

An update to this study was published by Geminale et al. (2011) that contained

approximately 500,000 daytime spectra (night-time spectra and spectra affected by

mechanical disturbances were excluded). The seasonal trend from Geminale et al.

(2008) was confirmed and latitudinal and longitudinal data was mapped based on

season. Due to constant a level of CH4 (45 ppb) over the north pole that is higher

than elsewhere in the martian atmosphere and during a period of water sublimation,

it was suggested as a potential surface release source. They also suggest the region

in the latitude range of -30◦ to 10◦ and in the longitudinal range of 0◦ to 40◦ lacks

a CH4 absorption band and therefore could be a sink (Geminale et al., 2011).

Once again, as like with Earth-based observations, objections to the reported methane

detections by orbital instruments were raised by Zahnle et al. (2011). They argue

that data reported obtained by the PFS Formisano et al. (2004); Geminale et al.

(2008) do not show methane when the path length of the observation is longest, when

the most amount methane should be present, and that when methane is reported it

follows a pattern similar to H2O on an hourly timescale (Zahnle et al., 2011), as well

as the aforementioned low spectral resolution of the instrument aboard. This could

suggest that PFS was detecting H2O contamination instead of martian methane.
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Surface observations

Rovers on the surface of Mars, such as the NASA operated Curiosity rover, are

uniquely situated to detect CH4 in the lower atmosphere of Mars potentially close

to emission sources at the surface.

The MSL rover reported CH4 using both direct-ingest and enrichment protocols us-

ing the tunable laser spectrometer, an infrared spectrometer in the Sample Analysis

for Mars suite (TLS/SAM) (Table 1.3). Martian atmospheric air either directly en-

tered the Herriott sample chamber (direct-ingest), or first was passed through a CO2

scrubber to enrich the CH4 content by approximately 23 ± 1 times (enrichment)

(Webster et al., 2015, 2018). An upper limit (0.18 ± 0.67 ppb) was first reported

in 2013 (Webster et al., 2013a) with no discrete detection of CH4 made across 234

sols. The sampling period was extended to 605 sols and the data reprocessed.

From 11 direct-ingests and 2 enrichments an elevated level (7.19 ± 2.06 ppb) and

a background (0.69± 0.25 ppb) level of CH4 were reported. Further searches were

made using the enrichment method (and including the 2 enrichment data points

from Webster et al. (2015)), and a mean background level of CH4 was reported

(0.41 ± 0.16 ppb) that was suggested to oscillate seasonally (Webster et al., 2018).

However, Zahnle (2015); Zahnle and Catling (2019) suggest that reports of CH4

using MSL are erroneous due to various reasons, the most fundamental being CH4

contamination from the foreoptics of the instrument that contributed up to 90 ppb

of CH4 up to sol 292 (Webster et al., 2013b, 2015) (These data were subsequently

removed from further data sets). The foreoptics chamber was subsequently pumped

down and maintained at a lower pressure than the Herriot sample chamber to re-

move the potential for CH4 contamination. The contribution of contamination CH4

to science data was still only reported as “much lower for subsequent runs” past sol

292 (supplemental material in Webster et al. (2015)), not completely eliminating

the scepticism associated with the reported CH4 concentrations.

Two discrete detections of CH4 in Gale crater were confirmed from a single orbit

(orbit 12025) of the PFS/MEX obtained in June 2013 (15.5 ± 2.50 ppb) (Giuranna

et al., 2019). The orbit had a footprint that covered the region above Gale crater
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within a single sol of a previous MSL detection (5.78 ± 2.27 ppb), and within 7 sols

of a future MSL detection (2.13 ± 2.02 ppb) of CH4. This is potential evidence of co-

operative and simultaneous detections of CH4 and even more so may represent, for

the first time, simultaneous detections of the same CH4 release event from an area

east of Gale crater (Giuranna et al., 2019). However, previous reports of CH4 using

PFS/MEX have required large-scale averaging of data to improve the signal-to-noise

ratio (Formisano et al., 2004) from 20 SNR (Geminale et al., 2008) suggesting that

retrieving CH4 from a single orbit is non-optimal. Additionally, the MSL detections

are still subject to uncertainty reported by Zahnle (2015); Zahnle and Catling (2019)

and the second of the two MSL detections reported also has a standard error of the

mean almost equal to the reported concentration.

Non-detections

As well as the detections of CH4, some instruments have been used to search for the

gas and it has not been detected. However, these non-detections do not suggest a

definitive absence of CH4 from the martian atmosphere. Instead, they only suggest

that the CH4 story on Mars is complicated and that conflicting results cannot yet

be reconciled.

Krasnopolsky (2007) searched for CH4 with IRTF/CSHELL during a single observa-

tion of 3 observing sequences, with eight one-minute exposures per sequence, giving

24 exposures. Data were obtained but no CH4 was detected, although an upper

limit of 14 ppb was reported for the IRTF/CSHELL instrument, mainly due to

uncertainties with fitting synthetic spectra to observed data.

No CH4 was detected by Villanueva et al. (2013) during a February 2006 search over

a region of Mars that had been searched by Krasnopolsky (2012) during January

2006, when CH4 was detected. Given the photochemical lifetime of CH4 in the

martian atmosphere has been modelled as ∼330 years (Lefèvre and Forget, 2009),

this implies either that the photochemical lifetime of CH4 in the martian atmosphere

is considerably shorter than expected or that one of the two reports is erroneous.
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Aoki et al. (2018) also searched for CH4 in the atmosphere of Mars on a single day

in March 2016 (Ls = 123.2, northern hemisphere summer) using the Echelon Cross-

Echelle Spectrograph (EXES) onboard the Stratospheric Observatory for Infrared

Astronomy (SOFIA). They report an upper limit of 1 ppb but no unambiguous

detection of CH4.

The Nadir and Occultation for MArs Discovery (NOMAD) and Atmospheric Chem-

istry Suite (ACS) instruments, both onboard the Trace Gas Orbiter (TGO), rep-

resent the most comprehensive search for CH4 temporally and spatially. They are

also the most sensitive measurements made to date. Despite this, no CH4 has been

detected in just over two and a half martian years worth of data, with an upper limit

reported of 0.05 ppb (Korablev et al., 2019; Knutsen et al., 2021; Montmessin et al.,

2021). This also includes a search conducted over the region above Gale crater where

MSL has detected CH4. NOMAD is most sensitive to CH4 at over 5 km (due to

CO2 and dust being too optically thick below this altitude (Korablev et al., 2019)),

whilst MSL is present at the surface within the crater. However, despite the differ-

ence in altitude between the two instruments, the vertical mixing time of CH4 from

Gale crater is expected to be between 1 sol for an instantaneous release or longer

for a continuous release (Pla-Garcia et al., 2019). Therefore TGO should have been

able to detect CH4 reported by MSL, especially as the upper limit is an order of

magnitude or more sensitive than the background level of CH4 reported by MSL.

Examination of data obtained using the NOMAD (Knutsen et al., 2021) and ASC

(Montmessin et al., 2021) instruments for a period of one Earth year immediately

following on from data analysed in Korablev et al. (2019) also failed to detect CH4.

The non-detection results are due to either (1) the gas is present only below the

detection limit of the various instruments responsible for reporting non-detections,

at the altitudes they are able to detect methane, (2) the gas is not present and

reports to the contrary are in error, or (3) that if the gas is present then it is

either destroyed much more rapidly than previously thought or that the CH4 is not

transported to altitudes high enough that orbital and earth-based spectrometers

can detect it (Knutsen et al., 2021). In either case the discussion of CH4 on Mars is
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made under the assumption that neither its detection or non-detection are conclusive

enough. Thus, CH4 is considered a potential constituent and any discussion of CH4

on Mars should be considered as such until conclusive evidence is provided.

Table 1.5: Summary of CH4 detections or upper limits in the martian atmosphere and the instru-
ment used to make the observation

Abundance Upper limit Year of obs. Instrument Reference
(ppb) (ppb)
10 ± 3 - 1999 [a] [1]

0 - 30, localised - 2004 [b] [2]
(10 ± 5, global)

- 14 2006 [c] [3]
5 - 21, localised - 2004 - 2007 [b] [4]
(14 ± 5, global)
10 - 45, plumes - 2003, 2006 [c], [d] [5]

(3, global)
0 - ∼70, localised - 1999 - 2004 [e] [6]
(16 ± 5, global)
0 - 38, localised - 2004 - 2009 [b] [7]

(15, global)
3 - 10, localised 8 2006, 2009 [c] [8]

- 6.6 2006, [c], [d], [f] [9]
2009 - 2010

5.5 - 9.3, plume - 2012 - 2015 [g] [10]
(0.69 ± 0.25)

- 1 2016 [h] [11]
0.41 ± 0.16 - 2014 - 2017 [g] [12]

15.5 - 2013 [b] [13]
0 - 35, localised - 2017 - 2018 [i] [14]

(25, global)
- 0.05 2018 [j], [k] [15]
- 0.06 2018 - 2019 [k] [16]
- 10−5 2018 - 2020 [J] [17]

a, FTS/CFH; b, PFS/MEX; c, IRTF/CSHELL; d, NIRSPEC/K; e, TES/MGS; f, CRIRES/VLT;
g, TLS/SAM; h, EXES/SOFIA; i, IRTF/iSHELL; j, ACS/TGO; k, NMD/TGO
1, Krasnopolsky et al. (2004); 2, Formisano et al. (2004); 3, Krasnopolsky (2007); 4, Geminale
et al. (2008); 5, Mumma et al. (2009); 6, Fonti and Marzo (2010); 7, Geminale et al. (2011); 8,
Krasnopolsky (2012); 9, (Villanueva et al., 2013); 10, Webster et al. (2015); 11, Aoki et al. (2018);
12, Webster et al. (2018); 13, Giuranna et al. (2019); 14, Novak et al. (2019); 15, Korablev et al.
(2019); 16, Knutsen et al. (2021); 17, Montmessin et al. (2021).
Adapted from Knutsen et al. (2021)
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1.4.5 Potential CH4 cycle on Mars

Potential sources and storage mechanisms

Throughout this thesis the phrase CH4 production refers specifically to a location

where the gas is generated. The term CH4 release is used to define the release of CH4

from the subsurface of Mars into the atmosphere. Many production sources have

been suggested for the hypothesised CH4 in the martian atmosphere and include

abiotic and biotic mechanisms (Figure 1.4).

Figure 1.4: Proposed CH4 cycling on Mars. Image credit: NASA/JPL-Caltech/SAM-GSFC/Univ.
of Michigan.

Exogenous material, such as comets and meteorites could potentially bring CH4

to the martian surface trapped in gas pockets (Blamey et al., 2015). Comets are

considered unlikely to deliver enough trapped CH4 to produce abundances reported

(Price et al., 2013), in part due to the high-temperatures experienced by the infall

material upon impact chemically altering most of the CH4 present (Krasnopolsky,

2006b). However, CH4 could be released from fluid inclusions within basalt, either

by impacts, erosion or geothermal activity and it has been shown experimentally

that terrestrial basalt types (e.g. age and geology) release detectable amounts of

CH4 when impacted (McMahon et al., 2013). As well as trapped CH4, meteorites
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and comets are likely to deliver organics to Mars (Atreya et al., 2007) (This is

discussed in much more detail in Section 5.1.3). Organics present in carbonaceous

chondrites have been shown to degrade under Mars UV conditions to form CH4 and

could potentially yield concentrations similar to those reported (Schuerger et al.,

2012). It has also been suggested that some spikes in CH4 abundances reported

have coincided with meteorite activity (Fries et al., 2016), however, this temporal

correlation has been disputed, especially when all CH4 abundance and meteoric infall

data are considered (Roos-Serote et al., 2016). Meteoric infall also cannot reconcile

the spatial (Schuerger et al., 2012) or seasonal (Schuerger et al., 2012; Webster et al.,

2018) variations of atmospheric CH4.

Volcanism on Mars has been all but eliminated as a potential source of CH4 (Krasnopol-

sky et al., 2004; Krasnopolsky, 2006b, 2011) for two main reasons. Firstly, CH4

release from volcanoes on Mars would be associated with other volcanic emission

gases, such as sulphur dioxide, that was not detected during recent observations us-

ing the Texas Echelon Cross Echelle Spectrograph on the NASA infrared telescope

facility (Krasnopolsky, 2005). Secondly, long-term observations of CH4 emission

from active volcanoes on Earth, such as Mauna Loa in Hawaii, USA, show an aver-

age excess CH4 abundance above the background signal of atmospheric methane at

the same location of -0.25 ± 0.82 ppb (Ryan et al., 2006), which is negligible and

not significantly different to zero. This suggests that no active volcanism is present

on Mars and any historic release of CH4 from volcanic activity would have been

negligible compared to the overall total mixing ratio and therefore contemporary

CH4 is unlikely to have resulted from this process. Volcanic CH4 production would

likely produce a higher δ13C value (Etiope, 2018), therefore an instrument capable

of detecting multiple isotopologues would be able to potentially determine if CH4

detected was due to volcanism.

Serpentinisation can produce CH4 through the reaction of olivine or pyroxene, with

water and carbon dioxide (Wray and Ehlmann, 2011; McCollom, 2016), or via the

same reaction that microbes might use (Reaction 1 in Table 1.7). These reactions

are possible on Mars and are a plausible mechanism for the genesis of CH4 (Oze and
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Sharma, 2005). Serpentinised rocks have been observed on Mars in the Nili Fossae

region (Ehlmann et al., 2010). Interestingly, this region was identified as a potential

CH4 emission location by global circulation model (GCM) modelling (Holmes et al.,

2015) of the plume observed by Mumma et al. (2009). The GCM model also included

observations made by Fonti and Marzo (2010) only 60 days later and although they

claim three separate sources, the GCM model suggests that their data coincides to

a later detection of the Mumma et al. (2009) plume after atmospheric dynamics had

dispersed the CH4. Serpentinisation is, however, a very slow process. In addition,

the serpentinisation reactions that require liquid water (Oze and Sharma, 2005)

would be occurring deep in the subsurface where large bodies of water are stable.

Methane transport processes in the deep subsurface are also either very slow (diffu-

sion, hundreds of thousands to millions of martian years) (Stevens et al., 2017) or

occur only across short distances (advection, to a depth of 6 km) (Etiope and Oehler,

2019) and therefore a plume of CH4 releasing into the atmosphere would have to be

stored over a long period of time within a closed pore space in the subsurface and

then released into the atmosphere due to the pore space being opened by an event

such as lithostatic load variations, tectonic stresses and rock fracturing. These CH4

transport routes could be linked to hydrothermal systems that have been proposed

as surface morphological features on Mars, and this would be analogous to known

processes on on Earth (McMahon et al., 2012). Data from the InSight lander, which

has detected seismic activity (Witze, 2019; Clinton et al., 2021), could be used along

with CH4 observational data to see if CH4 release correlates with subsurface seismic

activity. Serpentinisation in the early evolution of Mars, when associated reactions

were thermodynamically favourable, has also been suggested as a potential source of

CH4 genesis (Oze and Sharma, 2005). These reactions during the Noachian period

of Mars may have contributed to the greenhouse effect that stripped Mars of its

atmosphere and subsequently led to the formation of permafrost and the ice caps

that could then have sequestered CH4 within clathrate hydrates in large quanti-

ties (Oze and Sharma, 2005). Clathrate hydrates are non-stoichiometric crystalline

structures that form under low-temperature and high-pressure environments, typ-

ically from water molecules (Chastain and Chevrier, 2007; Gloesener et al., 2021).
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Methane is stored within the clathrate hydrate in one of the cavities that forms

(Buffett, 2000). Contemporary release of this CH4 could reconcile the contempo-

rary detections made. If serpentinisation is responsible for the genesis of CH4 in

the atmosphere then a higher δ13C signature would be expected, if no other process

was altering the fractionation signature. This signature would be similar to that

of serpentinisation derived CH4 on Earth (∼ >-40) (Etiope, 2018). Additionally,

impacts by comets and meteorites produce thermal shock, temporarily increasing

the temperature of surface minerals, such as olivine, but it has been shown that

such events do not induce serpentinisation (Price et al., 2013).

Water and carbon dioxide must also be present for microbial production of CH4,

which have been proposed as a production source in the martian subsurface. Mi-

crobes on Earth produce high concentrations of CH4 (Kirschke et al., 2013). There-

fore, they have been suggested as a potential source of CH4 on Mars. Any potential

microbes would likely not be able to survive the extreme surface conditions and

therefore would be more adapted to subsurface conditions.

All proposed CH4 production methods could potentially produce CH4 that is stored

in CH4 clathrate hydrates for a period of time before being released. The trapped

molecules are not bound to the water molecules trapping them and are unavailable

chemically until released and therefore can remain trapped until higher temperatures

or lower pressures cause the destabilisation of the clathrate hydrate (Chastain and

Chevrier, 2007). Methane clathrates do not constitute a source of CH4 genesis,

instead they could be a storage mechanism for either current or ancient CH4, or

both.

Geminale et al. (2008) show a correlation between water vapour and CH4 abundance,

particularly across longitude. Therefore, a common source location for both volatiles

is assumed (Geminale et al., 2008) due to the destabilisation of CH4 clathrates that

could have released both water vapour and CH4 simultaneously (Geminale et al.,

2008). However, the model in Geminale et al. (2008) does not take into consideration

effects of planet-wide mixing. The north pole, during northern summer, has been

suggested as a source of CH4 release as determined by averaging a large number of
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spectra, over time, from this region, that potentially rules out CH4 release events as

transient (Geminale et al., 2011). Furthermore, if the CH4 cycle is linked to season,

with an increase in sublimation of water ice during northern spring, CH4 clathrates

released from the northern polar cap could explain a potential emission source of

CH4 in warmer months.

Geminale et al. (2011) suggest a CH4 line 500 times stronger than background water

vapour at the same wavelength whilst confirming that they were unable to confirm

their CH4 detection from other branch lines, as PFS/MEX is not capable of resolving

those branch features. However, mathematical modelling of the known parameters

for martian atmospheric dynamics predicts no correlation between CH4 and water

distribution (Lefèvre and Forget, 2009), that potentially suggests any correlation

found between the two is either due to coincidence only, or that the complexities

of atmospheric dynamics on Mars are less well understood than previously thought.

Additionally, ancient volcanically derived CH4 could potentially have been stored

in clathrate hydrates when the volcanoes were active and is now being released

periodically (Chastain and Chevrier, 2007).

If the hypothesis that CH4 was produced constantly is correct then it would be

expected to be uniformly distributed within the atmosphere at a reasonably con-

sistent concentration (Lefèvre and Forget, 2009). However, the proposed CH4 has

been shown to be variably distributed temporally and spatially, as well as at vary-

ing concentrations (Figure 1.5; Mumma et al., 2009; Krasnopolsky, 2012; Webster

et al., 2015). This suggests that there might be varying production and removal

mechanisms, as well as different emission sources and release rates.

Potential sinks

The variability of the hypothesised CH4 on Mars is not only linked with sources

of CH4, but also with potential sinks of CH4. Sinks are not well understood on

Mars and the processes by which CH4 could be lost from the atmosphere remain

unconstrained. Interestingly, atmospheric models of the photochemistry of CH4 in

a martian atmosphere indicate a lifetime of ∼330 years, whereas observed CH4 has
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a much shorter lifetime on Mars, estimated at shorter than a single year (Mumma

et al., 2009; Lefèvre and Forget, 2009) or potentially even less given the simul-

taneous background levels reported by TLS/SAM (Webster et al., 2018) and the

non-detection reported by both ACS/TGO and NMD/TGO (Korablev et al., 2019).

This disparity between the models and the observed data requires further investiga-

tion be made into the loss of CH4. Proposed sinks include adsorption into regolith

(Gough et al., 2010; Meslin et al., 2011; Moores et al., 2019), increased photochem-

ical and oxidative destruction during seasonal dust storms (Krasnopolsky et al.,

2004; Gough et al., 2011b) and metabolism by methanotrophic “CH4 consuming”)

microbes (Levin and Ann, 2009).

Gough et al. (2010) suggest an uptake of CH4 by martian regolith by adsorption,

that would be an almost ubiquitous planet-wide sink. Additionally, they suggest

a bi-directional exchange between regolith and atmosphere that is temperature de-

pendent and highly efficient. This would imply seasonal release and storage of CH4.

However, contradictory models show only small amounts of variation in the ex-

change rate of CH4 between regolith and atmosphere (Meslin et al., 2011). Whilst

this mechanism could reconcile the seasonal variation of CH4 it offers no such rec-

onciliation for the spatial variations observed. It would seem logical that as the

planet is covered almost entirely in a layer of regolith, that the release would be

wide-spread spatially, as a particular area increases or decreases in temperature. A

recent study has suggested that adsorption and desorption of CH4 into and out of

the regolith in Gale crater occurs seasonally (Webster et al., 2018), although this

cannot be attributed to seasonally driven production of CH4.

Dust storms can induce photochemical destruction of CH4 by solar radiation and by

oxidation in reactions with hydrogen peroxide (H2O2) (Krasnopolsky et al., 2004),

but modelling suggests that dust storms, even at maximum electric field strength, do

not induce such loss at the rate observed on Mars (Lefèvre and Forget, 2009). This

excludes dust, even the most extensive dust events, as a significant loss mechanism of

CH4. Furthermore, Gough et al. (2011) suggested that the temperature dependent

oxidation of CH4 by hydrogen peroxide would occur at a rate too slow at martian

38



temperatures to destroy CH4 at the rate observed and modelled, suggesting that

loss via dust storms is not, at least, the only sink for CH4.

Seasonality

Mumma et al. (2009), Webster et al. (2015, 2018), Fonti and Marzo (2010) and

Geminale et al. (2008, 2011) suggest seasonal variations of CH4. Other searches

were not able to imply the presence or absence of a seasonal trend due to being too

short (Krasnopolsky et al., 2004; Formisano et al., 2004; Krasnopolsky, 2012), how-

ever the data reported generally support seasonal trends (summarised in Fig 1.5).

Villanueva et al. (2013) argue their lack of a detection of CH4 during northern spring

of MY 28 suggests a sporadic release of CH4 not correlated to seasons. Geminale

et al. (2008) show a relationship, using linear regression analysis, between decreas-

ing CH4 abundance and progression through seasons, from northern spring-summer

through to northern winter. Geminale et al. (2011) showed strong variability in CH4

abundance throughout seasons, while Fonti and Marzo (2010) show trends towards

seasonal and yearly abundance of CH4 and suggest warmer months might corre-

late with increases in CH4 release. Latitude-longitude maps have been produced to

demonstrate seasonal trends (Fonti and Marzo, 2010; Geminale et al., 2011).

Recent MSL detections (Webster et al., 2018) of background levels of CH4 were

reported to follow a seasonal trend. Over three martian years CH4 levels peaked

during northern summer that may indicate a temperature dependent process occur-

ring that is producing or releasing CH4. However, this was a limited study with only

ten data points in total, three for Mars year 32, six for Mars year 33 and one for

Mars year 34. Additionally, a seasonal cycle would typically be characterised with

lowest abundances in local winter, whereas, the lowest abundance was observed in

spring and not winter, with winter of Mars year 32 being the second most abundant

sample. Gale crater also represents only local conditions and may not be represen-

tative of planet wide variations. Meteoritic infall and degradation of organics was

ruled out as a potential source of CH4 as the volume of gases produced are too low

to reconcile with the atmospheric background concentration (Webster et al., 2018).
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Microbial, if present, or geologically produced methane could not explain seasonal

variability because these processes would occur in the subsurface below a depth

where atmospheric temperature variations cannot have a significant effect on sub-

surface temperatures, which are relatively stable. Seasonal variations in temperature

only affect temperature dependent processes in the very near surface and not these

deeper potential subsurface processes. Methane storage and release from within

clathrate hydrates are temperature dependent (Chastain and Chevrier, 2007) and

potentially present in near-surface or surface ices. CH4 clathrates could be more

stable in shallower and more extensive subsurface ices in higher latitudes and less

table in regions nearer the equator, particularly where Mumma et al. (2009) suggest

localised CH4 release (Gloesener et al., 2021). Biotic and abiotic CH4 produced in

the subsurface could provide a CH4 source for clathrate hydrates to form.

40



F
ig
u
re

1.
5:

M
et
h
an

e
d
et
ec
ti
on

s
(p
oi
n
ts
;
ci
rc
le
,
gl
ob

al
av
er
ag
e;

sq
u
a
re
,
lo
ca
li
se
d
)
a
n
d
u
p
p
er

li
m
it
s
(B

la
ck

a
rr
ow

s)
fo
r
ev
er
y
re
p
o
rt

o
f
C
H

4
a
n
d
la
ck

o
f
C
H

4
in

th
e
a
tm

o
sp
h
er
e,

w
it
h
ea
ch

p
an

el
re
p
re
se
n
ti
n
g
a
si
n
gl
e
m
ar
ti
an

ye
ar
.
D
at
a
fo
r
G
em

in
a
le

et
a
l.
(2
0
0
8
,
2
0
1
1
)
is
en
co
m
p
a
ss
ed

w
it
h
in

th
e
ye
ll
ow

b
ox
,
a
s
n
o
M
a
rs

ye
a
r
is
g
iv
en

in
th
e
li
te
ra
tu
re
.

E
rr
or

b
ar

va
lu
es

w
er
e
ta
ke
n
fr
om

th
e
re
sp
ec
ti
v
e
ci
te
d
p
ap

er
,
w
h
er
e
g
iv
en
.
D
a
ta

re
p
o
rt
ed

in
[g
]
h
a
s
sm

a
ll
er
ro
r
b
a
rs

th
e
a
re

o
b
sc
u
re
d
b
y
th
e
p
o
in
t.

S
a
m
p
le

si
ze
s
va
ry

g
re
a
tl
y

b
et
w
ee
n
st
u
d
y.

[a
],
F
or
m
is
an

o
et

al
.
(2
00
4)
;
[b
],
K
ra
sn
op

ol
sk
y
et

a
l.
(2
0
0
4
);

[c
],
M
u
m
m
a
et

a
l.
(2
0
0
9
);

[d
],
F
o
n
ti

a
n
d
M
a
rz
o
(2
0
1
0
);

[e
],
K
ra
sn
o
p
o
ls
k
y
(2
0
1
2
);

[f
],
W
eb
st
er

et
al
.
(2
01
5)
;
[g
],
W
eb
st
er

et
al
.
(2
01
8)
;
[h
],
G
iu
ra
n
n
a
et

al
.
(2
01
9
);
[i
],
N
ov
a
k
et

a
l.
(2
0
1
9
);
[j
],
V
il
la
n
u
ev
a
et

a
l.
(2
0
1
3
);
[k
],
K
ra
sn
o
p
o
ls
k
y
(2
0
0
7
);
[l
],
A
o
k
i
et

a
l.
(2
0
1
8
);
[m

],
K
or
ab

le
v
et

al
.
(2
01
9)
;
[n
]
K
n
u
ts
en

et
al
.
(2
02
1)
.
[m

]
an

d
[n
]
ar
ro
w
s
a
re

p
o
si
ti
o
n
ed

o
n
th
e
x
a
x
is
in

a
p
p
ro
x
im

a
te
ly

th
e
ce
n
tr
e
o
f
th
e
d
u
ra
ti
o
n
o
f
ti
m
e
in

w
h
ic
h
o
b
se
rv
a
ti
o
n
s

w
er
e
m
ad

e.

41



1.5 Methanogens and methanogenesis

As stated in section 1.1, this thesis will answer research questions that will aim

to examine whether martian atmospheric CH4 could be produced by subsurface

methanogenic microbes. Methanogenesis has been proposed to be a plausible early

metabolism on Mars (Clark et al., 2021). If present in the subsurface and producing

CH4 the hypothesised methanogenic microbes could either be analogous to strains

found on Earth or they could potentially be a new form of life entirely. We make

the assumption here that they are analogous to methanogenic microbes on Earth

and as such methanogens found on Earth are used to answer the research questions

proposed in section 1.1.

Methane-producing archaea are called methanogens. Recent research has identified

nitrogen fixing bacteria that can also produce CH4 in vivo, but this production

mechanism can only proceed in the presence of light (Zheng et al., 2018) and as

such this organism cannot produce CH4 in subsurface environments, where light

cannot penetrate and is therefore not Mars relevant. Additionally, all CH4 produc-

tion mechanisms on Earth that require free molecular oxygen (Keppler et al., 2006;

Lenhart et al., 2012; Tuboly et al., 2013; Keppler et al., 2016; Lenhart et al., 2016;

Bižić et al., 2020) are not plausible on Mars, due to a lack of available oxygen.

There is a general agreement that there is at least one phylum of the domain

archaea that contains methanogens, Euryarchaeota. There are eight classes in

the phylum Euryarchaeota that contain CH4-producing species, six are exclusively

methanogenic: Methanomicrobia, Methanobacteria, Methanococci, Methanopyri,

Methanonatronarchaeia and ‘Methanofastidiosa’. The remaining classes are Ther-

moplasmata, which was only recently found to contain archaea capable of methano-

genesis (Iino et al., 2013), and an unassigned class. Two further phyla were proposed

to contain methanogens, but recent evidence suggests that they instead contain

alkane oxidisers and were incorrectly assigned as methanogens due to the presence

of the methyl co-enzyme reductase gene mcr (Evans et al., 2019). However, within

proposed methanogenic strains within the phylum (‘Verstraetearchaeota’ ; Vanwon-
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terghem et al., 2016), they do not possess genes required to oxidise alkanes but do

contain genes related to methanogenesis (Berghuis et al., 2019), suggesting that they

are indeed methanogenic and not alkane oxidisers.

Most methanogenic archaea are chemolithoautotrophs (Taubner et al., 2015). ‘Chemo’

refers to the ability of an organism to obtain energy from chemicals instead of from

sunlight; ‘litho’ specifies that energy is obtained in the form of inorganic substrates;

‘auto’ refers to the ability of primary producing organisms to assimilate carbon in

an inorganic form, such as carbon dioxide molecules; and the suffix ‘troph’ means

to eat or nourish. However, some are chemoheterotrophic, using fixed carbon such

as acetate as a carbon source (Taubner et al., 2015; Kouzuma et al., 2017).

Table 1.6: Electron acceptors and donors for four methanogenic pathways

Metabolic pathway Electron acceptor(s) Electron donor(s)
Hydrogenotrophic Carbon dioxide H2, formate,

certain alcohols
Methylotrophic Methyl groups Single bond

of C1 compounds methyl-containing compounds
(after dissociation)

Acetoclastic Methyl group of acetate Carboxyl group of acetate
Methyl-reducing Methylated C1 compounds H2, formate

Adapted from Whitman et al. (2006)

Methanogens are found in a range of environments on Earth from agricultural envi-

ronments such as rice paddies and in the rumen of ruminants, other anthropogenic

environments such as land fill and compost heaps, and in natural environments such

as freshwater and marine sediments, at hydrothermal vents on the ocean floor, in

permafrost and in termite digestive tracts (Kirschke et al., 2013). The range of tem-

perature, salinity and pH across these environments can be very large. For example,

some hydrothermal fluids are extremely hot with temperatures over the putative

121◦C upper limit for life (Martin et al., 2008), whereas permafrost is at a perma-

nently low temperature (∼10◦C to 2◦C; Romanovsky et al., 2002); freshwater has

a low salinity (zero), whereas sea water has a large range of salinity from zero to

42 g kg−1 and a mean of 34.9 g kg−1 (Pawlowicz, 2013); and acidic peatlands (such

as McLean Bog in New York, pH of 3.4 to 4.3; Bräuer et al., 2006) and soda lakes

(that often have a stable pH of > 11.5; Grant et al., 2006) are at opposite extreme

43



pH values.

1.5.1 Methanogenic metabolic pathways

There are four known pathways for CH4 production in methanogens (Table 1.7).

For all pathways, reactions take place stoichiometrically, and CH4 is always formed

(Whitman et al., 2006), which makes it an ideal signature of methanogenic life.

Some strains can use multiple pathways, but not simultaneously.

Table 1.7: Methanogenic pathways, their chemical reactions and free energies (where known).

Trophic Reaction ∆G◦’ Reaction
classification (kJ/mol of CH4) number

Hydrogenotrophic

4 H2 + CO2 → CH4 + 2 H2O -135.6 [1]
4 Formate → CH4 + 3 CO2 + 2 H2O -130.0 [2]

4 2-Propanol + CO2 → CH4 +4 Acetone + 2 H2O
a -36.5 [3]

2 Ethanol + CO2 → CH4 + 2 Acetateb -116.3 [4]

Methylotrophic

Methanol + H2 → CH4 + H2O -112.3 [4]
4 Methanol → 3 CH4 + CO2 + 2 H2O -104.9 [6]

4 Methylamine + 2 H2O → 3 CH4 + CO2 + 4 NH4
+ -75.0 [7]

2 Dimethylamine + 2 H2O → 3 CH4 + CO2 + 2 NH4
+ -73.2 [8]

4 Trimethylamine + 6 H2O → 9 CH4 + 3 CO2 + 4 NH4
+ -74.3 [9]

2 Dimethylsulfide + 2 H2O → 3 CH4 + CO2 + H2S -73.8 [10]
Acetoclastic Acetate → CH4 + CO2 -31.0 [11]

Methyl-reducingc C1 compound + H2 → CH4 - [12]
C1 compound + formate → CH4 - [13]

a Other secondary alcohols include 2-butanol, 1,3-butanediol and
b Other primary alcohols include 1-propanol and 1-butanol.
Adapted from Whitman et al. (2006), c from Sorokin et al. (2017).

Hydrogenotrophic methanogenesis

The hydrogenotrophic pathway uses either molecular hydrogen, formate or an al-

cohol as an electron donating energy source and carbon dioxide as a carbon source

(Whitman et al., 2006). Where formate is given as a substrate (reaction [2] in

Table 1.7) the enzyme formate dehydrogenase converts formate into CO2 and H+

(Fones et al., 2020). An intermediate input of electrons is provided by reduced

ferredoxin (Fd) that combines with protons to form hydrogen (Schink et al., 2017).

Hydrogenotrophic metabolism converts carbon dioxide to CH4 by first reducing car-

bon dioxide to form formylmethanofuran (formyl-MFR), and a further four steps in a

stepwise procedure transfers 6 electrons (e−) and produces a methyl-tetramethanopterin

(methyl-H4MPT) complex. The next step converts methyl-H4MPT to methyl-
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coenzyme M (methyl-S-CoM) and coenzyme B(CoB7SH), that is then converted

to CH4 and a hetrodisulphide of coenzyme M and coenzyme B (CoM-S-S-CoB).

The last step includes the release of the CH4 produced as well as the exergonic re-

duction of CoM-S-S-CoB to form HS-CoM and HS-CoB (coenzyme M and coenzyme

B, respectively; Figure 1.6; Whitman et al., 2006).

With more reduction steps involved, the hydrogenotrophic pathway is more energeti-

cally favourable (with the exception of reaction [3]), with a noticeable decrease in the

free energy (△G) released by methylotrophic and acetoclastic pathways (Table 1.7)

(Whitman et al., 2006).

Methylotrophic methanogenesis

The methylotrophic pathway uses C1 compounds that are oxidised to form carbon

dioxide and reduced to form CH4, simultaneously, in a ratio of 1:3 respectively in

a process known as disproportionation. Additionally, as shown in reactions 7 to

10 (Table 1.7), ammonium or hydrogen sulphide can also be produced if appropri-

ate substrates are present (Whitman et al., 2006). Methanol, methyl-amines and

methyl-sulfides are converted to methyl-S-CoM, and methyl-S-CoM is then con-

verted to CH4 + CoM-S-S-CoB. The last step includes the release of CH4 produced

as well as the exergonic reduction of CoM-S-S-CoB to form HS-CoM and HS-CoB

(Whitman et al., 2006) (Figure 1.6). The methylotrophic pathway also has a sub-

pathway known as the methoxydotrophic methanogenesis that was recently discov-

ered in a single methanogen of the class Methanosarcinales (Mayumi et al., 2016).

This pathway uses methoxylated aromatic compounds (MACs) that contain an aro-

matic group and a methyl group both bonded to an oxygen molecule; the latter

two combined are known as the methoxy group. The mechanistics of the pathway

are as yet unidentified but the only species that uses this pathway, Methermicoccus

shengliensis, has been shown to contain active acetyl-CoA synthesis and oxidation

genes as well as carbon dioxide reduction genes but lacks other key genes for oxygen

methylation (Mayumi et al., 2016). M.shengliensis is found in subsurface offshore oil

fields and was the first thermophilic methylotroph to be isolated, capable of optimal
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growth at 65oC (Rosenberg et al., 2014) that demonstrates the potential for unique

ecological adaptations of the methanogenic pathways. Methylotrophic metabolism

is found exclusively within the order Methanosarcinales (Patel and Sprott, 1990;

Kletzin, 2007; Costa and Leigh, 2014).

Acetoclastic methanogenesis

The acetoclastic pathway uses acetate as a substrate and is both reduced at the

methyl group to form CH4 and oxidised at the carboxyl group to form carbon diox-

ide (Whitman et al., 2006). Acetate is converted to acetyl-CoA as the first step

and then to methyl-H4SPT as the second step. A further step converts methyl-

H4SPT to methyl-S-CoM, that is then converted to CH4 + CoM-S-S-CoB. The last

step includes the release of the CH4 produced as well as the exergonic reduction of

CoM-S-S-CoB to form HS-CoM and HS-CoB (Whitman et al., 2006) (Figure 1.6).

Acetoclastic metabolism is found exclusively within the order Methanosarcinales

(Patel and Sprott, 1990; Kletzin, 2007; Costa and Leigh, 2014).

H2-dependent methylotrophic methanogenesis

H2-dependent methylotrophs also metabolise C1 compounds, but employ an in-

termediate step not found in methylotrophic methanogens. C1-methylated com-

pounds act as electron acceptors and molecular hydrogen acts as the electron donor.

These are catalysed by molecule specific enzymes that produce HS-CoM. This is

methylated to form methyl-HS-CoM and this is then converted to CH4 + CoM-

S-S-CoB. The last step includes the release of the CH4 produced as well as the

exergonic reduction of CoM-S-S-CoB to form HS-CoM and HS-CoB (Sorokin et al.,

2017) (Figure 1.6). Disproportionation does not occur in the H2-dependent methy-

lotrophic pathway as the genes required for the oxidation process are either inactive

(Genus: Methanosphaeara) or not present (Class: Thermoplasmata) (Sorokin et al.,

2017). Similarly, genes required for methyltransferases required for the dissociation

of methyl-C1 molecules is present in methylotrophic metabolism but not present in

H2-dependent methylotrophic archaea (Nobu et al., 2016).
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One described, Methanonatronarchaeum thermophilum, and one candidate, ‘Candi-

datus Methanohalarchaeum thermophilum’, extremely halophilic methanogens, have

been reported that differ slightly from the described H2-dependent methylotrophic

pathway (Sorokin et al., 2017). This pathway is unique in that whilst it almost

identically matches the pathway for H2-dependent methylotrophs, it differs in its

electron transport mechanism. For example, in all H2-dependent methylotrophs

the genes for the complexes tetrahydromethanopterin S-methyltransferase (Mtr),

a membrane-associated enzyme that catalyses methyl transfer reactions to drive

a sodium ion pump (Harms et al., 1995), and formylmethanofuran dehydrogenase

(Fwd), that catalyses the reversible reaction that converts formyl-FMR to carbon

dioxide or vice versa (Vorholt and Thauer, 1997), are present in their genome but not

transcribed into proteins. These are key enzymes in the other methanogenic path-

ways and link the pathways functionally and evolutionarily. Additionally, in the

putative sub-pathway, intermediate reactions are mediated by protein complexes

coded by genes that are missing from the genomes of other H2-dependent methy-

lotrophic archaea. This identifies this as a potential new pathway with different

complexes responsible for linking the pathways, both functionally and evolutionar-

ily (Sorokin et al., 2017). This pathway is unique to a novel class of methanogens

within the phylum Euryarchaeota, Methanonatronarchaeia. Sorokin et al. (2017)

identified at least two novel genera within this new class, which are both extremely

halophilic and slightly thermophilic. This could indicate yet another example of

pathway evolution based on the characteristics of an extremely localised microbial

ecosystem and therefore, additional modified pathways might be discovered as new

environments are assessed.

The mechanisms of each pathway overlap towards the terminus whilst each ‘entry’

pathway to the common step is unique (Costa and Leigh, 2014) as shown in Fig-

ure 1.6. This suggests that the hydrogenotrophic pathway as a candidate for an

ancient and common pathway that might be present in similar ecological environ-

ments on other planets. Phylogenetic work that has coupled molecular clock dating

techniques with the secondary calibration of horizontal gene transfer events has sug-

gested that methanogens likely evolved no later than 3.51Ga and that potentially
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methanogenesis evolved earlier (Wolfe and Fournier, 2018). Given that new tech-

niques are identifying new lineages of methanogens (Adam et al., 2017; Spang and

Ettema, 2017), the number of methanogenic species of archaea is likely to increase

rapidly. Potentially, these new species could identify altered or new methanogenic

pathways.

Figure 1.6: Metabolic pathways of methanogenesis. A combined pathway schematic of the four
methanogenic metabolic pathways. N.B. Methylotrophic archaea (dual direction arrows) are capa-
ble of oxidising methyl-S-CoM through to CO2 production, however for every four methyl-S-CoM
molecules produced one is oxidised to CO2 and three are reduced to form CoM-S-S-CoB+CH4.
Original figure, information from Whitman et al. (2006); Sorokin et al. (2017).

1.5.2 Extremophiles

Extremophiles (extreme-loving) are organisms that can survive and grow in condi-

tions that vary from “normal” conditions (Rothschild and Mancinelli, 2001). If an

organism can survive and grow in multiple extreme conditions then they are termed

a polyextremophile (Rothschild and Mancinelli, 2001; Harrison et al., 2013). Ex-

treme conditions can be either physical (e.g. temperature, pressure or radiation) or

geochemical (pH, salinity, desiccation, oxygen concentration etc.; Ranges of known

limits for life given in Table 1.9; Rothschild and Mancinelli, 2001; Harrison et al.,
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2013). Concentration of O2 can be a limiting factor to growth and survivability to

obligate aerobic microbes, but for anaerobic microbes that same limit does not ap-

ply meaning that paucity of metabolically available molecular O2 does not confer a

limit to habitability. Methanogens are strict anaerobes and therefore oxygen is toxic

and causes metabolism and growth to cease. However, evidence suggests that key

enzymes within methanogens are oxygen tolerant and metabolism can begin again

after a short time if cell death and lysis has not occurred (Kotsyurbenko, 2010).

Table 1.8: Physical parameters and the known range of survival for methanogens

Physical parameter Survival range Reference
Temperature -11 to 122◦C [1], [2]

Pressure 7 x 10−3 bar to 4 x 103 bar [3], [4]
Salinity 4.28 x 10−4 M to 4.3 M NaCl [5], [6]

pH 4 to 10.2 [7], [8]
Desiccation Up to 400 days [9]

1, Franzmann et al. (1997); 2, Takai et al. (2008); 3, Mickol and Kral (2017); 4, Sinha (2016);
5, Cheng et al. (2011); 6, Sorokin et al. (2017); 7, Ganzert et al. (2014); 8, Rea et al. (2007);
9, Schirmack et al. (2015).

Physiology of Methanogens in extreme environments and comparison to

Mars

Methanogens exhibit a number of adaptations to survive and grow in a range of mod-

erate to extreme anoxic environments. In such environments, methanogens are likely

to be the sole producer of CH4 (Cicerone and Oremland, 1988), except for surface

environments where the aforementioned nitrogen-fixing, but light-dependent, bacte-

rial strain is also able to produce methane (Zheng et al., 2018). Methanogens could

also potentially survive and grow on other celestial bodies (reviewed extensively in

Taubner et al. (2015)). In the following section is a discussion of the physical pa-

rameters in extreme environments that methanogens are found in and some of the

mechanisms they use to adapt to them.
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Table 1.9: A range of parameters, the nomenclature for extreme ranges of each parameter and
accepted parameter range.

Parameter Nomenclature Range Reference

Temperature
Psychrophiles < ∼ 15◦C
Thermophiles ∼ 60◦ to 80◦C [1]

Hyperthermophiles > 80◦C
Pressure Piezophile > 1 bar [2]
Salinty Halophile > 0.34 M NaCl [3]

pH
Acidophile < pH 4
Alkaliphile > pH 9 [1]

Desiccation Xerophile < ∼ 0.85 aw
1 [4]

1aw = water activity, an aw of 1 is attributed to pure water. [1] Rothschild and Mancinelli
(2001); [2] Bartlett (2002); [3] Ollivier et al. (1994); [4] Hocking and Pitt (1981)

Pressure

Two scenarios exist for methanogenic resistance to pressure, (1) surviving a change

from ambient pressure to either a high or low pressure, and (2) surviving and growing

in sustained high or low pressure. Some methanogens are able to survive an increase

(up to 4 × 103 bar; Sinha, 2016) or decrease (down to 7 × 10−3 bar; Mickol and

Kral, 2017) in pressure from ambient Earth pressure (Table 1.8; Taubner et al.,

2015; Sinha, 2016). Methanopyrus kandleri was shown to grow and produce CH4

at high hydrostatic pressure (200 bar), although the mechanisms for resistance to

high pressure were unexplored (Takai et al., 2008). There are potentially two sets

of conditions that need to be considered for adaptation to high or low pressure,

whether survival is temporary before conditions return to normal pressure (scenario

1 above), or long-term (scenario 2 above); (1) surviving the physical condition of

high or low pressure that could compromise cell integrity and/or (2) survival to

increased or lower partial pressure of substrate gases. An increase in partial pres-

sure of hydrogen was attributed by Takai et al. (2008) as a factor for increased

metabolic activity above the maximum growth temperature of Methanopyrus kan-

dleri (110◦C). Methanogens have also been shown to be metabolically active at

low-hydrogen partial pressures (Methanocaldococcus bathoardescens was grown at

82◦C with a hydrogen concentration of 16.5 µM, and using the ideal gas law can be

shown to be the equivalent of giving a new culture in a 125 mL serum vial containing

50 mL of culture and 75 mL of headspace 0.014 bar of hydrogen as opposed to the
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conventional 0.4 bar of hydrogen, approximately 26 times less; Eecke et al., 2012).

However, the effects of low and high pressure on methanogens remains relatively

under-studied. The work by Takai et al. (2008) work also suggested that isotopic

fractionation is affected by pressure and more 13CH4 was produced. This could lead

to mis-identification of the origin of the CH4 (Takai et al., 2008). The absolute

variation of pressure on Mars is relatively small in the atmosphere, whereas in the

subsurface the pressure increases as a function of depth once disconnected from the

low-pressure atmosphere (Jones et al., 2011). Pressure on Mars is discussed in more

detail in Section 4.1.

Temperature

The internal temperature of microorganisms is in constant equilibrium with the

temperature of their local environment, requiring all cellular functions pertinent to

a particular organism to be functional within a specific environmental temperature

range (Cavicchioli, 2006). The temperature growth range of methanogens is very

large, from -2.3◦C (Singh et al., 2005) to 110◦C (Kurr et al., 1991) at standard

Earth pressures (1 bar), or at even higher temperatures (122◦C) at high hydrostatic

pressures (200 bar; Takai et al., 2008). A number of methanogens have adapted to

both high and low temperatures.

In cold environments non-psychrophilic archaea membrane lipids can become more

rigid (Rothschild and Mancinelli, 2001), which in turn can negatively affect trans-

port through the membrane. Methanogens adapted to cold environments include

Methanococcoides burtonii (Nichols et al., 2004) that has unsaturated membrane-

bound-lipids to provide a fluidity to the membrane. This is also present in some

other psychrophilic archaea (Rothschild and Mancinelli, 2001). Maintaining fluidity

of a membrane is key for microbes in order to ensure that cell membrane trans-

port mechanisms are able to import substrates and export waste out of the cell

(Cavicchioli, 2006). Some strains have compatible solutes present within the cyto-

plasm (Dong and Chen, 2012) that are dual purpose and affect the water activity of

the cytoplasm, protecting from both cold temperatures and high salinity (compati-
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ble solutes are discussed further in section 3.1.2). Other mechanisms include a cold

shock domain protein in Methanogenium frigidum, a helix DNA-binding domain pro-

tein in Methanococcoides burtonii (Saunders, 2003) and higher levels of non-charged

polar amino acids and fewer hydrophobic amino acids (Dong and Chen, 2012) in

some strains. Whilst cold temperatures are associated with the surface and very

near-subsurface of Mars, at greater depths temperatures will increase (Jones et al.,

2011), potentially limiting the requirement for adaptations to cold temperatures in

any potential contemporary martian methanogens, if present.

Examples of thermophilic methanogens and their method of adaptation to high

temperatures include Methanococcus thermolithotrophicus that possesses a protein

to act as a thermosome chaperone to facilitate repairs of denatured proteins (Furu-

tani et al., 1998), Methanopyrus kandleri that can grow at 110oC (Kurr et al., 1991)

due to a set of genes that can potentially provide thermal stability (Slesarev et al.,

2002) and Methanobacterium formicicum that contains three histone HMf family

proteins that provide genomic stability in high-temperature environments (Darcy

et al., 1995).

pH - or proton concentration

Whilst adaptation to high or low proton concentration is often reported as adap-

tation to high or low pH, it is strictly speaking not the acidity or alkalinity of the

solution that is the limiting factor to methanogens. Instead, the limiting factor is

proton concentration due to proton gradients between the intracellular and extracel-

lular solutions being of such high importance for energy conservation through ATP

production. Therefore it is important to note the relationship between temperature

and pH, where temperature can influence the pH value of a solution but the solution

remains functionally neutral. For example, the pH value of pure water at 25oC is

7 (circumneutral), but pure water at 100oC is circumneutral at approximately 6.14

pH. This means that even though the solution is circumneutral due to having an

equal number of protons (also known as hydronium ions) and hydroxyl ions, there

are still a greater number of protons present at higher temperatures that could confer
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a limit to life within the solution.

Whilst most methanogenic archaea preferentially grow near to true neutral pH (7)

(Taubner et al., 2015), adaptation to varying pH exists within some members of

methanogens (Table 1.8). Most methanogens can survive over a pH range of neu-

tral to acidic or neutral to basic. However, some methanogens are obligate aci-

dophiles and grow only at acidic pH, for example Methanosphaerula palustris and

Methanoregula boonei, and some are obligate alkaliphiles, such as members within a

new class of methanogens, Methanonatronarchaeia (Sorokin et al., 2017).

Most methanogens lack membrane-bound cytochrome complexes and prefer Na+

ions over H+ ions for ATP generation (McMillan et al., 2011; Mayer et al., 2012;

Schlegel and Müller, 2013) whilst the dual-ion primary motive force generated by

cytochrome-containing methanogens, which are restricted to some strains in the

order Methanosarcinales (Thauer et al., 2008), allows both Na+ and H+ ions to be

used for ATP production (Saum et al., 2009; Schlegel and Müller, 2013).

Adaptation of Archaea membranes to both high and low pH has been studied and

reviewed (Siliakus et al., 2017). Alkaliphilic archaea have distinct features such as

an absence of tetraethers, an absence of glycerol-dialkyl-glycerol-tetraether (GDGT)

lipids, and an abundance of diether lipids (Oger and Cario, 2013). Conversely, in

acidophilic archaea, GDGTs comprise most of a membrane monolayer (Oger and

Cario, 2013; Siliakus et al., 2017) that protons are highly impermeable to (Elferink

et al., 1994) and cyclopentane rings are more prevalent, which aids in rigidity of

cell membranes. Squalene, which can be organised into a sterol-like shape (Spanova

and Daum, 2011; Gilmore et al., 2013), incorporation into the membrane is a known

adaptation to high pH to reduce proton leakage (Haines, 2001; Siliakus et al., 2017).

In summary, in order to maintain favourable electrochemical gradients archaea have

adapted to better regulate proton entry and exit from cells and significantly reduce

leakage of protons into or out of a cell by altering their lipid membrane structure

and composition.

Surface soil pH on Mars has been measured as slightly alkaline (∼7.7 Hecht et al.,

2009), whereas the presence of jarosite indicates that acidic solutions were once
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present as jarosite only precipitates from acidic solutions (Squyres and Knoll, 2005),

however these results are not representative of the whole subsurface environment.

The subsurface environment of Mars is understudied and an assumption must be

made that the pH remains approximately circumneutral, although in reality a range

of pHs are plausible (King and McSween, 2005).

Salinity

Methanogens are present in many saline and hypersaline environments on Earth,

where CH4 production occurs suggesting not only that some methanogens are adapted

and can survive in these environments but they are also metabolically active (Mc-

Genity and Sorokin, 2018).

Due to the permeability of biological membranes to water, salt gradients between

intracellular cytoplasm and the external medium must be kept extremely low. A

salt concentration too high in the cell will result in an influx of water leading to cells

rupturing and a concentration too low will result in the cell losing its water content

that inhibits cellular processes.

Additionally, sodium (Na+) ions can stimulate the activity of a number of enzymes

as well as aid in the oxidation of organic molecules in halophilic bacteria (Mudryk

and Donderski, 1991). Na+ ions are also important for both active and resting

methanogenic cells as the conversion between methyl-H4MPT and methyl-S-CoM is

driven by a Na+ pump, which pumps ions either into or out of the cell depending

on which reaction is taking place (Müller et al., 1990; Schlegel and Müller, 2011).

There are three main mechanisms methanogens (and all organisms) use to adapt to

saline environments, the salt-in strategy that involves the accumulation of inorganic

ions (such as K+), by accumulating small organic compounds as osmoprotectants or

a combination of the two (Gunde-Cimerman et al., 2018). All organisms, from higher

animals to prokaryotes, can have osmoprotectants (also known as compatible solutes)

present in cells to control osmotic pressure, that acts as a mechanism to survive

elevated salinity and temperature (McNeil et al., 1999). The salt-in strategy is
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energetically more favourable than biosynthesis of organic solutes (Gunde-Cimerman

et al., 2018). However, organic compatible solutes are still accumulated by cells if

they are available in the environment (Gunde-Cimerman et al., 2018).

There are three main types of organic compatible solutes, zwitterionic, non-charged

and anionic. The inorganic potassium (K+) ion is also used by some organisms dur-

ing the salt-in strategy. Table 1.10 gives examples of the types of organic compatible

solutes used by various methanogens.

Table 1.10: Examples of organic compatible solutes used by some methanogens

Organic compatible solute Methanogenic species and strain(if known)
Zwitterionic
betaine Methanohalophilus portucalensis FDF1T

Methanosarcina thermophila
Nϵ-acetyl-β-lysine Methanohalophilus portucalensis FDF1T

Methanosarcina thermophila
Methanothermococcus thermolithotrophicus
Methanosarcina mazei Gö1
Methanohalophilus Z7302

β-glutamine Methanohalophilus portucalensis FDF1T

Non-charged
none

Anionic (carboxylates)
L-α-glutamate Methanohalophilus portucalensis FDF1T

β-glutamate Methanothermococcus thermolithotrophicus
Methanocaldococcus jannschii
Methanotorris igneus

α-glucosylglycerate Methanohalophilus portucalensis FDF1T

α-mannosylglycerate Methanothermus fervidus

Anionic (phosphates, sulphates)
di-myo-inositol-1,1’-phosphate Methanotorris igneus
cyclic-2,3-diphosphoglycerate Methanothermobacter thermoautotrophicus

Methanopyrus kandleri
Methanothermus fervidus

T denotes a type strain
Adapted from Roberts (2005)

Methanogens, in particular, use β-amino acids as organic compatible solutes as they

are not proteinogenic or used in other macromolecules (Roberts, 2005). However,

most methanogens use an array of organic compatible solutes, unless betaine is

provided by an external source (Roberts, 2005). The synthesis of certain organic
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compatible solutes is a reaction to specific osmotic conditions and a methanogen

might use different compatible solutes under different osmotic stress conditions. For

example, an anionic compatible solute might by synthesised as a first response to

increasing NaCl, but then other neutral, zwitterionic solutes, are then synthesised

to provide a more sustained osmotic response (Roberts, 2005). The most common

adaptation among halophilic methanogens is compatible solutes (Sowers and Gun-

salus, 1995), however the salt-in strategy is also used by some methanogens.

Methylotrophic methanogenesis is usually the dominant methanogenic metabolic

pathway in saline and hypersaline environments. This is in part due to the com-

petition for substrates faced by methanogens in these environments, where hy-

drogenotrophic and acetoclastic methanogens are often outcompeted for the key

substrates H2 and acetate by sulphate-reducing bacteria also present (McGenity

and Sorokin, 2018). Methylotrophs, however, use non-competitive substrates such

as methanol, dimethylsulfide and methylamines. Of the latter two, the first is a

produced in marine environments by algae (Charlson et al., 1987) and is a compat-

ible solute; the second is a product of glycine betaine, another compatible solute.

Potentially, though, in some environments acetoclastic methanogens outcompete

methylotrophic methanogens despite the low energy yield of acetoclastic methano-

genesis compared to methylotrophic methanogenesis and the preference for sulphate-

reducing bacteria to uptake acetate that typically suppresses acetoclastic methano-

genesis (Kirk et al., 2015). Potential martian water composition is discussed further

in Section 5.1.2 and 5.3.4.

Until recently, it was thought that most methanogens generally preferred a low

salinity environment (Taubner et al., 2015). However, there are exceptions (Sowers

and Gunsalus, 1995) and as such methanogens can be found in any environment from

low-salinity freshwater to more extreme hypersaline lakes (Zinder, 1993). There are

also strains (Zellner et al., 1989a) that challenge the paradigm that methanogens

require NaCl salts for metabolic function (Schlegel and Müller, 2011).

Water in the subsurface of Mars will likely be dominated by magnesium, sulphate

and chloride salts (Stevens et al., 2019), although the concentration of putative
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brines is not known. Previous modelling suggests that the eutectic point and the

surface temperature at a given latitude will determine whether liquid water is avail-

able in the subsurface, with liquid magnesium brines plausible at any depth at

latitudes below 70◦ but sodium brines plausible only at low latitudes and below

approximately 5 km (Monaghan, 2013).

Desiccation (low water activity (aw))

Desiccation resistance has been observed in methanogenic archaea for up to 400 days

(Table 1.8) (Schirmack et al., 2015). Other species, such as Methanosarcina mazei,

Methanobacterium formicicum and Methanobrevibacter aboriphilicus also survived

after periods of desiccation in the presences of other stress factors such as aerobic

conditions or nitrogen based atmospheres (Taubner et al., 2015). This may indi-

cate that adaptations for specific stress conditions may exist as either dual purpose

adaptations, or as a non-aberrant genome mutations, providing protection mech-

anisms for multiple stress factors. Particularly, salinity, desiccation and radiation

resistance seem to be present concurrently within a number of organisms (DeVeaux

et al., 2007). Indeed the mechanisms identified for adaptation to salinity are also

important for desiccation resistance as they ultimately control water activity.

Modern Mars is a desiccated environment at the surface, however there is evidence

to suggest water was present in its past (Section 1.3.1; e.g. Spinrad et al., 1963;

Lasue et al., 2019). There is evidence to suggest that water is present within the

subsurface of Mars (Clifford, 1993; Jones et al., 2011; Orosei et al., 2018; Mitrofanov

et al., 2022). However, if water is present it is likely to be available in small quantities

and potentially transient and therefore desiccation resistance could be a factor for

life in the subsurface of Mars. A water activity (aw) of 1 is equal to pure water, with

seawater on Earth sustaining an aw about 0.98. Sulphate reducing microbes have

been shown to be metabolically active in chaotropic MgCl2 brines with an aw of as

low as 0.4 (Steinle et al., 2018), making that the known limit for life. Active life

seems absent from CaCl2 brines at equivalent aw levels. However, assays are being

conducted to determine if life is present at an extremely low biomass or potentially
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for dormant life that is not metabolically active when aw drops too low (Merino

et al., 2019). It is estimated that the aw of subsurface Mars could be as low as 0.78

and could get lower as brines evolve (Tosca et al., 2008), especially given that some

martian brines might be dominated by MgCl2 (Vaniman et al., 2004).

Mars is potentially a habitable environment for methanogens, and for methanogen-

esis to occur, with the essential elements required for life, water and energy sources

present. This is especially true in the warmer, higher-pressure and shielded en-

vironments of the subsurface, rather than on the surface. Methane has also been

tentatively detected in the atmosphere of Mars, however, as yet no production mech-

anism has been unanimously determined other than that the production source is

likely to be in the subsurface. Therefore, methanogenic archaea present in the po-

tentially habitable environments of the subsurface could produce CH4 that is later

detected in the atmosphere, much like they do on Earth. However, to date, no data

exists on whether methanogens are able to produce CH4 within the environmental

parameters for a number of variables of the subsurface. By simulating the subsur-

face environments in a laboratory setting, and by growing methanogens within the

simulated environments to determine if they are actively metabolising and produc-

ing CH4, offers constraints to the open question concerning the potential production

sources.

1.6 Simulating Mars

As stated previously, survival and growth are not the same. Survival is cells remain-

ing viable in conditions not conducive to metabolic and cellular processes; Growth

occurs when conditions are conducive to metabolic and cellular processes, and as

such metabolic products are produced and cell growth and division occurs. This

distinction has implications for potential presence of extant methanogens in the

subsurface of Mars, as contemporary methane detection could imply the presence of

active, growing methanogens. However, the methane could be ancient in origin and

have been stored before release and in this scenario the methanogens potentially
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responsible for producing the methane could either be extinct or only surviving and

not currently producing methane.

The methane story on Mars has evolved and the reported non-detection of methane

anywhere above 10 km in the atmosphere by TGO casts into doubt the previous re-

ports of its presence by other orbiters and Earth-based instruments, as any methane

observed must have been destroyed quickly (within a few days) for both reports to

be correct. This is an unlikely scenario, as discussed in Section 1.4.4 (Lefèvre and

Forget, 2009; Zahnle et al., 2011). The TLS/SAM instrument aboard MSL has re-

peatedly detected methane, including at background concentrations. The argument

put forward by Webster et al. (2021) to reconcile the disparate sets of observations

by instruments aboard TGO and the TLS/SAM instrument is that the planetary

boundary layer (PBL) collapses to only a few tens of metres in altitude from the sur-

face during night time. Methane that is released from the subsurface overnight then

accumulates to detectable levels during the night within the PBL so that TLS/SAM

can detect it. Once the atmospheric temperature rises at the night/day terminator

the PBL expands, which allows the accumulated methane to mix into the whole

atmosphere, and when methane reaches an altitude that TGO can detect it, the

concentration has dropped to below the detection limit of TGO. The suppression of

the PBL is a localised effect that is present in Gale crater and is more pronounced

than non-crater environments (Moores et al., 2015). It is not the purpose of this

thesis to answer how the overall concentration of the martian atmosphere is affected

by this process and whether methane sinks are able to maintain a low concentra-

tion over geologic timescales, which is necessary for instruments aboard TGO to

not detect any methane in the whole atmosphere above 10 km. Instead, given that

for TSL/SAM to detect methane that has been released during a single night, the

implication is that there is an emission source of methane from somewhere close

to Gale crater, where the MSL rover is located and that potentially indicates ac-

tive, near-surface subsurface methanogenesis. Therefore, this thesis will answer two

research questions (RQ2 and RQ3) related to the feasibility of methanogens being

metabolically active within the subsurface near to, or in, Gale crater.
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1.6.1 Previous investigations that have simulated pressure

and temperature combinations for Mars

Due to the requirement for a frequent and reliable release of methane during a

martian night for TLS/SAM to detect methane, this implies a methane production

source might be close to the surface. A near-surface source would also imply a

shorter diffusive timescale compared to a deeper source (Stevens et al., 2015, 2017;

Etiope and Oehler, 2019), which is more consistent with a repeated flux that is then

detected by the TLS/SAM instrument.

Temperature and pressure are two of the major physical parameters that will in-

fluence microbial methane production in the subsurface of Mars, with temperature

likely a first-order inhibitor to methanogenesis. Estimates of the temperature and

pressure of the martian subsurface vary as a function of depth and are based on

whether a lithostatic or atmospheric pressure regime is assumed for any pore space

present. A lithostatic pressure regime is based on the mass of the rock column

above a certain depth and the density of the material and assumes that pore space

is closed and disconnected from the atmospheric conditions, whereas an atmospheric

regime assumes pressure remains similar to the atmospheric pressure, as a free path

exists between the pore space of subsurface material and that of the atmosphere,

with only the weight of any gas above exerting additional pressure of gases below

(Schuerger et al., 2013). Experimental work for determining water/rock reaction

chemistry (temperature of 13 to 350◦C at 1 km; Olsson-Francis et al., 2020) and

theoretical work assessing the habitability of subsurface Mars (temperature of 55◦C

at any depth between 1 km and 30 km; Merino et al., 2019) have given a wide range

of potential temperatures and pressures that could be present at various depths, sug-

gesting a lack of constraint in key variables used to determine these values such as

thermal conductivity and heat flow, due to limited data-collection about the sub-

surface of Mars. The pressure and temperature of the near-surface subsurface are

the two physical parameters this thesis simulates (Chapter 4).

Fifteen previous simulation studies of the surface and/or subsurface conditions of
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Mars have been conducted specifically for the purpose of assessing whether the

martian environment is suitable for the survival and/or growth of methanogens

(Table 1.11). The parameters selected in previous experiments include temperature,

pressure, fluid used and regolith used, among other more location or scenario specific

parameters (e.g. the addition of perchlorate). The temperatures investigated ranged

from -80◦C to 55◦C and the pressures investigated ranged from 6 mbar to 1200

bar (Table 1.11). The combinations used are relevant to either surface conditions

where lower temperatures and pressures are investigated or are relevant to deeper in

the subsurface where higher temperatures and pressures are investigated. Using a

standard medium is often used when investigating the effect that other parameters

have on methane production, in order to isolate the specific variables of interest. For

example, many investigations in Table 1.11 are run at 2 bar despite investigating

surface conditions, because the parameter of interest is desiccation or the regolith

used and so using an optimal pressure was preferred.

Jones et al. (2011) have estimated the range of expected temperatures possible in

the upper kilometre of Mars subsurface are -133◦C to 55◦C, which overlaps with

the temperature range that methanogenesis can occur at (from the freezing point

of a given liquid in an environment, to 121◦C). Key model inputs in determining

the temperature of the subsurface include heat flow (range of 15 to 55 mW/m2)

and thermal conductivity (range of .001 to 4.5 W/m/K), and are used to calculate

a geothermal gradient range (4 × 104 to 5.5 × 104). This gives a large envelope of

possible temperature conditions because the model inputs are largely unconstrained

due to lack of direct measurements of the subsurface environment, such as by mea-

suring the temperature of borehole sediment, as is done on Earth (Pollack et al.,

1998). Jones et al. (2011) defined an “average geotherm”, but this definition of

‘average’ is potentially misleading as it simply represents the central point of the

geotherm range, rather than the most likely value, due to the inherent uncertainties

in the input parameters. In order to determine the limits of habitability a valid

approach is to consider the extremes of the geotherm envelope at a specific depth.

In this study, we investigate the lower/upper boundary at 1 km, where the average

temperature could potentially be as high as 55◦C.
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Also in Jones et al. (2011), at any combination of heat flow and thermal conductivity

values, the modelled geotherm is applied to the whole of the subsurface and no

consideration for the different conditions of the crust, mantle and core are applied,

meaning the conditions in the crust are potentially overestimated. More recent

modelling that also accounts for the difference in conditions between the sections of

the subsurface suggests the crust has a heat flow of 2 to 13 mW/m2 (Parro et al.,

2017) with an average of 7 mW/m2, which is 47% lower than the lower boundary

given in Jones et al. (2011) (15 mW/m2). Parro et al. (2017) also make location

specific predictions to take into account the non-uniformity of the crust that suggests

the heat flow in the subsurface in the Gale crater region is about 7 mW/m2. Parro

et al. (2017) predict a thermal conductivity of 2 W/m/K, which is based on the

average of known thermal conductivity ranges of basalts on Earth (Clifford, 1993),

meaning more heat is retained for longer periods of time in the crust compared to

other models that predict a higher thermal conductivity. This demonstrates the

significant uncertainty within the research community about subsurface martian

conditions.

Lithostatic pressure (P) can be calculated from the crustal density (ρ; 2900 kg/m3)

and the gravitation acceleration for Mars (g; 3.721 m/s−1), at any given depth (z;

1000 m) using

Pz = ρgz (1.3)

which gives a lithostatic pressure of 107.9 bar at 1 km. This is equitable with Jones

et al. (2011) and Schuerger et al. (2013) estimates of subsurface pressure at 1 km.

Schuerger et al. (2013) also demonstrate that using an atmospheric pressure regime

would result in only a .7 mbar increase in pressure at 1 km depth compared to at

the surface and highlights that high-pressure experiments are always assuming a

lithostatic pressure regime.

A lithostatic pressure regime also assumes a more consolidated crust compared to

an atmospheric pressure regime. Previous work has shown that both under Fickian
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(gas-gas collision) and Knudsen (gas-soil collision) diffusion transport, that do not

include advective or convective transport processes, methane would take from tens

of thousands to millions of martian years to diffuse, even from depths of only a

few hundred metres under a lithostatic pressure regime (Stevens et al., 2015, 2017).

Instead, geological events could serve as driving mechanisms for advection in a litho-

static pressure regime that lead to release of methane from depths, such as tectonic

stresses, lithostatic loading, rock fracturing, localized gas generation, recharge and

discharge of aquifers or fluid reservoirs that could all lead to methane seepage from

the subsurface into the atmosphere (Etiope and Oehler, 2019). Stevens et al. (2015,

2017) also predict low flux rates of methane from the subsurface into the atmosphere

that could not be reconciled with short-lived plumes (e.g. Mumma et al., 2009), as

atmospheric mixing would mask the concentration of the flux interface. However,

they did not consider surface topography and certainly did not take into account

a localised PBL such as the one suggested in Gale crater that limits atmospheric

mixing during the night (Webster et al., 2021).

In summary, in order to simulate the subsurface of Mars either a lithostatic or

atmospheric pressure regime needs to be assumed, although, a mix of these two

scenarios is likely as pore spaces open an close. In the case of the former the

pressure and temperature are likely to rise, but the extent to which they rise and

the upper and lowers limits are not well constrained beyond modelling that has a

large envelope of uncertainty due to large variation in input parameters (Jones et al.,

2011; Parro et al., 2017). Therefore, rather than simulating a potentially misleading

average set of conditions, we instead simulate the extreme lower and upper limit of

potential pressure (1 to ∼200 bar) and upper limit of temperature (∼55◦C to 65◦C)

possible within the envelope of all possible conditions, but still within the limits

of equipment available at a realistic depth at which methanogens might be present

(e.g. down to ∼1 km).
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1.6.2 Previous investigations that have simulated the chem-

ical environment to show growth or survival of methanogens

Experiments that did not use the standard growth medium were either trying to

simulate a desiccated environment, or were trying to simulate a more realistic en-

vironment using a fluid derived from a mineral (e.g. montmorillonite). Maus et al.

(2020) are the only exception whereby they use a K2SO4 solution to create a relative

humidity within the experiment head space to induce deliquescence in the regolith

they used, to simulate the specific environment that might be present at RSL.

Only nine out of the fifteen studies in Table 1.11 use a regolith in experiments.

Once again, as with temperature, adding a regolith might not be necessary and

only complicates the experiment if its addition is not a variable of interest. Where

a regolith is used then the purpose of the experiment is to create a more realistic

chemical environment. Eight of the nine studies that used a regolith used Johnson

Space Center (JSC) Mars-1 or JCS Mars-1A, which is a volcanic ash mined from

a cinder cone on Hawaii (Allen et al., 1998; Orbitec, 2008). It was the first Mars

analogue regolith available in large quantities and was determined to be analogous

to Mars purely based on spectral analysis, meaning it is not mineralogically similar

to martian regolith and is more hygroscopic than martian regolith is likely to be

(Karl et al., 2022). It also contains significant organic material (Karl et al., 2022),

which would require significant heating or chemical processing to remove and in

turn could affect the chemistry of the regolith. Mojave martian simulant (MMS)

(Peters et al., 2008) is used by some groups that also used JSC Mars-1A, which

was developed as a geotechnical simulant for rover and lander testing and to over-

come the issues with the high hygroscopicity of JSC Mars regoliths (Karl et al.,

2022). Artifical martian simulant (AMS) (Fanale et al., 1982) was also used in an

experiment to determine the stable isotope fractionation effects when methanogens

were grown with different martian regolith analogues present. Therefore, the two

JSC analogues, MMS and AMS are not intended to accurately represent the min-

eralogy of a specific location or environment on Mars. Montmorillonite has been

used and is a clay that has been detected in abundance on Mars, including in Gale
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crater (Lin et al., 2016) and is a common component of other martian regolith sim-

ulants, meaning it is relevant as a component to Mars, but does not represent the

full mineralogy or chemistry of martian environments. Phyllosilicate Mars regolith

simulant (P-MRS) and sulphate Mars regolith simulant (S-MRS) were developed

to calibrate the Raman instrument being designed for the Rosalind Franklin rover

mission (Böttger et al., 2012) and Phyllosilicate Mars regolith analogue (PMRA)

and sulphate Mars regolith analogue (SMRA) are almost identical, respectively, and

are based on the mineralogy of martian meteorites (shergottites, the nakkalites and

chassignites and ALH84001, which are all magmatic rocks (McSween, 1994)) and

that of the surface of Mars (Schirmack et al., 2015). PMRA and P-MRS are ana-

logues to clays formed in regions with neutral fluids whereas the SMRA and S-MRS

are analogues to regions formed in more acidic conditions. The two types of deposits

are not formed in the same conditions (Poulet et al., 2005), hence the requirement

for separate analogue regoliths. The MRS and MRA regoliths are so far the only

regoliths used in experiments to grow or demonstrate survival of methanogens in

Mars analogue conditions that were designed to match the mineralogy of martian

conditions (Schirmack et al., 2015; Serrano et al., 2019). Many other Mars analogue

regoliths have been designed for various purposes, including The Open University

(OU) regoliths (Ramkissoon et al., 2019) that are based on general (CM, for con-

temporary Mars) or specific (sulphur-rich, or haematite-rich) locations on Mars, for

different epochs and were designed specifically to test the habitability potential of

martian environments. The OUCM-1 regolith chemistry and mineralogy are based

on data acquired by the MSL rover in Gale crater and therefore serves as an excel-

lent analogue for that specific environment. However, as yet no data on the survival

or growth of methanogens when in the presence of any of the OU regoliths exists.

Equally, no data currently exists to show methanogens can grow in the absence of

optimal growth media when a chemically and mineralogically accurate Mars regolith

analogue and fluid is present.

Therefore, to answer research question 3, concerning whether methanogens can pro-

duce methane, or are inhibited from doing so, in the likely chemical environment of

subsurface Mars, the OUCM-1 regolith and a derived fluid modelled from the disso-
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lution of OUCM-1 in water will be used. This specifically fits into the contemporary

methane story of Mars as the most reliable detections of methane are made by the

TLS/SAM on the MSL rover within Gale crater.
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1.7 Scope and structure of the thesis

Following on from the introduction (Chapter 1) is a chapter that specifically, and

briefly, describes the top-level microbial methods used in both experimental chapters

of this thesis (Chapter 2). These procedures will be referred to in later chapters with

appropriate signposting when a procedure from the microbial methods chapter has

been used.

This is followed by a meta-analysis chapter that statistically analyses growth data

for all described methanogen type strains, for a number of parameters such as,

optimal growth temperature, pH and salinity to examine a large range of hypotheses

(Chapter 3). The meta-analysis arose due to the switch to homeworking and closure

of laboratories as a result of the global pandemic known as Covid-19 and investigates

twenty three individual hypotheses.

Following on from this is the first experiment chapter that focuses on science question

two (Chapter 4), which aims to address the production of CH4 by a methanogenic

microbe in a simulated martian thermophysical environment. Then comes a second

experiment chapter that focuses on science question three (Chapter 5), which aims

to address the production of CH4, and other VOCs, by a methanogenic microbe in

a simulated martian subsurface chemical environment. Each of the two experiment

chapters contains details of the methods used that are specific to the respective

chapter, as well as procedures outlined in Chapter 2, which are signposted.

Lastly, an overarching conclusion and future work chapter (Chapter 6) completes

the body of this thesis. An appendix (Chapter A) is included that is divided into

sections that reflect the structure of the main thesis.
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Chapter 2

Microbiology methods

2.1 Introduction

This chapter describes the microbial methods that are used throughout this the-

sis that are commonly used in both experiment chapters. Within the experiment

chapters a brief outline for methods described here will be given. Any modifications

from the details given here within the experiment chapters will also be detailed in

the relevant chapter method section. Methods that are specific to each chapter are

explained in detail within the relevant chapter.

2.2 Microbial cultures and anaerobic methods

Strains of methanogens were chosen based on their relevance to the putative en-

vironmental conditions of subsurface Mars, whereby selection was made primarily

based on the optimum growing temperature of the organism and ensuring it was

contextually relevant. Originally, the psychrotolerant methanogen Methanogenium

frigidum was chosen (details for all strains in Table 2.1), however, due to extremely

slow growth it was not conducive to the timescale of this study and therefore was

deselected (See Appendix A.1.1). Subsequently, Methanobacterium subterraneum

was chosen. This strain was also deselected (See Appendix A.1.1) as, despite the
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growth parameters matching the desired environmental conditions being simulated,

it only grew in large aggregates that rendered enumeration difficult (Figure A.1).

Methanoculleus marisnigri was selected for Chapter 4 and has a slightly higher op-

timum temperature than the first deselected strain and a much more constrained

temperature range than both deselected strains (Table 2.2.1), but it is still relevant

to the environmental conditions of subsurface Mars. A thermophile was selected

for use for research question three due to time constraints as it grows much more

rapidly than mesophilic or psychrotolerant strains. Lastly, a metabolically versatile

mesophile was selected for research question three to allow for the investigation of

multiple methanogenic pathways. Table 2.2.1 gives descriptions of the selected and

de-selected strains. Further description of the selected strains follows, but descrip-

tions of deselected strains are presented in the Appendix (Section A.1.1).

2.2.1 Description of strains

Methanoculleus marisnigri (DSM - 1498T ), strain JR 1 (Table 2.1) was originally

isolated from the upper 20 cm of marine sediment within an anoxic basin located

within the Black Sea (Romesser et al., 1979). This strain was selected as it grows at

temperatures hypothesised to be present within the upper kilometre of the subsur-

face of Mars (Jones et al., 2011) (25 and 35◦C) but also grows at a rate conducive

to the time-frame of this project.

Methanothermococcus okinawensis (DSM - 14208T ), strain IH7 (Table 2.1) was iso-

lated from a deep-sea hydrothermal vent chimney at the Ileya Ridge, in the Okinawa

trough. It is thermophilic and has a quick growth rate. It was selected for this study

as its growth temperatures are relevant for approximately 1 km deep in the martian

subsurface (Jones et al., 2011), which is the depth range of interest for this study.

2.2.2 Microbial cultures

Live, liquid-cultures were obtained from the DSMZ microbial culture collection (Ger-

man Collection of Microorganisms and Cell Cultures, Germany). Liquid cultures
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were centrifuged at 4700 g for 20 minutes, the supernatant was then removed and

cell pellet re-suspended in a small volume of Milli-Q water or its appropriate, fresh

media. A 1 mL aliquot was then transferred into a serum vial containing fresh me-

dia. Cells were grown in optimal conditions as recommended by the DSMZ (Section

2.2.3). Liquid stock cultures were grown to produce a growth curve and to determine

the length of time required for cultures to reach exponential and stationary growth

phases using direct cell counting (Section 2.3.1). Cultures used for experiments were

grown from sub-cultures of stock cultures currently in exponential phase. Viability

and enumeration of stock cultures were assessed using direct cell counting (Section

2.3.1).

2.2.3 Media and anaerobic culture conditions

Media prepared to grow selected strains are given below. Media prepared to grow

deselected strains are detailed in Section A.1.1. The exception to this is Methanoge-

nium frigidum, which was grown in the same medium as Methanoculleus marisnigri

and therefore, those details are given below.

DSMZ 141 Medium

Methanogenium frigidum and Methanoculleus marisnigri were grown in Methanoge-

nium medium (MM; DSMZ 141 media) containing the following (per litre in sterile

Milli-Q water): 0.34 g of KCl, 4.00 g of MgCl2 · 6 H2O, 3.45 g of MgSO4 · 7 H2O,

0.25 g of NH4Cl, 0.10 g of CaCl2, 0.14 g of K2HPO4, 18.00 g of NaCl, 2.00 mL of

Fe(NH4)2(SO4)2 · 6 H2O (0.1% w/v), 5.00 g of NaHCO3, 1.00 g of Na-acetate, 2.00 g

of yeast extract (Fluka, Honeywell, USA), 2.00 g of Tryptone (Sigma-Aldrich, St.

Louis, USA), 0.5 g L-Cysteine-HCl · H2O (Sigma-Aldrich, St. Louis, USA), 10.00

mL of 141 vitamin solution (Section A.1.2) and 10.00 mL of 141 trace element solu-

tion (Section A.1.2). Resazurin was added as a redox indicator (0.50 mL). The final

pH was 7.5. Sodium hydrogen sulphide (NaHS) solution was added as a reducing

agent and a source of sulphur (0.20 g L−1 of medium). Sterilisation conditions for
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all media are described in Section 2.2.4.

DSMZ 282 Medium

Methanothermococcus okinawensis was grown in Methanocalcococcus medium (McM;

DSMZ 120a) containing the following (per litre in sterile Milli-Q water): 0.14 g of

K2HPO4, 0.14 g of CaCl2, 0.25 g of NH4Cl, 3.4 g of MgSO4 · 7 H2O, 4.10 g of

MgCl2 · 6 H2O, 0.33 g of KCl, 0.50 mL of NiCl2 · 6 H2O, 30.00 g of NaCl, 0.01 g of

Fe(NH4)2(SO4)2 · 6 H2O (0.1% w/v), 0.50 g L-Cysteine-HCl · H2O (Sigma-Aldrich,

St. Louis, USA), 10.00 mL of 141 vitamin solution (Section A.1.2) and 10.00 mL of

141 trace element solution (Section A.1.2). Resazurin was added as a redox indica-

tor (0.50 mL). The final pH was 6.0. NaHS solution was added as a reducing agent

and a source of sulphur (0.20 g L−1 of medium).

2.2.4 Media preparation

All ingredients except the vitamin solutions, trace element solutions, L-Cysteine-HCl

solution, NaHCO3 and methanol were dissolved (for solids) or added (for solutions)

into an appropriate volume of water for each experiment, depending on the volume

of media required to make an initial salt solution. Quantities of each ingredient

were adjusted accordingly. The salt solution was sparged with nitrogen using a

sterile needle (19 gauge, BD Microbalance, Fisher Scientific) to ensure it was anoxic,

using the equipment shown in Figure 2.1, using a sterile needle and 0.22 µm filter

(Fisherbrand PES sterile PES syringe filter, Fisher Scientific;Figure 2.3(b)), whilst

on a heat plate with a magnetic stirrer placed inside the flask to ensure liquid was

agitated. The combination of sparging, heat and agitation helps to de-oxygenate

the salt solution. Initially, due to the presence of resazurin the media appears blue

in colour. The media then turns pink in colour when oxygen levels in the media are

low. The salt solution then returns to its original colour once all oxygen has been

removed from the solution. This is a partially reversible reaction and the solution

becomes pink once again when oxygen dissolves in. NaHCO3 was then added as
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an organic buffer. The salt solution was then adjusted to the correct pH (Mettler

Toledo 320 with an Omega PHE-1335 probe, Mettler Toledo, USA) using either HCl

or NaOH (Solutions at high molar concentration are preferred to reduce the dilution

of the salt solution - for example 2 M to 5 M).

Figure 2.1: Apparatus for sparging media and filling gas-sample bags with nitrogen.

For initial growth and sub-cultures 50 mL of anoxic solution was decanted into

120 mL volume serum bottles (Fisherbrand, catalogue no. 11560535; n = 6) that

were sealed with a butyl rubber stopper (Chemglass Life Sciences, CLS-4209-14,

20 mm) using an aluminium crimp (Supelco, 20 mm) and a crimping tool (Figure 2.2)

whilst under constant anaerobic conditions. The main salt solution stock remained

on the heat plate whilst being sparged, and a second sterile needle was attached to

a secondary N2 gas line and placed into the serum vial. It was only removed after
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the septum had been emplaced.

Figure 2.2: 120 mL serum vials and equipment used to seal the vial.

Serum bottles containing the salt solution were then autoclaved (at 121◦C for 15

minutes). Once cooled, NaHS (from a stock solution at a concentration of 200 g L−1)

was added at a rate of 10 µL mL−1 of the intended final volume of the medium, using

a sterile needle and syringe to each serum vial. All work with NaHS took place in a

fume hood. Vials were left to allow residual free-oxygen to be reduced for approxi-

mately one hour. Within a microbiological safety cabinet and using sterile needles

and syringes, filter-sterilised vitamins, trace elements and L-cysteine-HCl (often

combined into a single stock solution to reduce the number of injections required

when added to each serum vial. Filter-sterilised (0.2 µm poresize, Fisherbrand PES

sterile PES syringe filter, Fisher Scientific, Fisher scientific) methanol was added at

this stage for strains requiring it. A 1 mL inoculum at a concentration of approxi-

mately 107 to 108 cells mL−1 was used to inoculate the media. Negative controls were

also prepared. Filter-sterilised coenzyme M (1 mL; Fluka analytical) was added at a

concentration of 0.5 g l−1 (when growing Methanogenium frigidum only). Headspace

gases were added (pre-mixed CO2, H2 at 20:80 v/v) at a pressure of 1 bar gauge

pressure (2 bar absolute pressure; Figure 2.3a) using a sterile needle and 0.22 µm

filter (Fisherbrand PES sterile syringe filter; Figure 2.3b). A second needle was also

required to act as the exhaust. The input needle was inserted first with gas already
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flowing followed by the exhaust needle. Gas was allowed to exchange for 30 seconds

then the exhaust needle was removed before the input needle. Serum vials were then

placed into an incubator at the optimum temperature for each organism, or at an

experimentally relevant temperature. Headspace gases were replenished periodically

using the same technique and equipment.

(a) Gas cylinder and O2 trap (b) Filter and needle

Figure 2.3: (a) Apparatus for introducing headspace gas into serum vials, equipped with an oxygen
trap (in red box; SGT-CO1004-S8, SGT) to stop back-flow of oxygen into the regulator hose. (b)
Needle attached to a gas delivery system with a 0.22 µm filter.

Cultures for experiments were prepared in the same way as cultures for stock so-

lutions, except the volume was adjusted appropriately. Any experiment-specific

alterations are described in the relevant data chapter.
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2.3 Analytical techniques

2.3.1 Monitoring microbial growth

LIVE/DEAD BacLight�Bacterial Viability Kit

To monitor microbial growth the LIVE/DEAD® BacLight�Bacterial Viability Kit

(Catalogue number 10053312; abbreviated as L/D stain from here) was used, that

is a pre-made kit used to determine the presence of live and dead cells within a cell

culture. Viable cells fluoresce green to indicate the binding of S9 and non-viable

cells fluoresce red to indicate the binding of propidium iodide (PI). The two dyes

were pre-mixed in equal quantities in sterile water to produce a 1 in 10 dilution.

The diluted L/D stain mix (3 µL) was added to 100 µL of the cell culture that was

then incubated in the dark for approximately 20 minutes.

L/D staining was used primarily as a method to enumerate the number of cells

present in a sample per volume, using a fluorescent microscope (either a Leica,

DM200 LED or a Leica, DMRP), whilst also allowing an assessment of the health

of each cell culture stock to be carried out regularly.

Cell concentration was calculated using the following equation

T =
NA

aV
(2.1)

where T is the total number of cells mL−1, N is the average cells per field, A is the

surface area of a cover-slip in mm2, a is the area of the microscope field of view and

V is the volume of the sample under a cover-slip.
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2.3.2 Monitoring methane production

Gas chromatography

Methane production was assessed by gas chromatography (GC) with a flame ion-

isation detector (FID; Agilent 7890A; Figure 2.4) that provides uncalibrated con-

centration raw data in the form of peak area, with the unit picoamperes (pA). The

GC-FID was equipped with a capillary column (Agilent technologies; HP-PLOT Q;

fused silica; 30 m length, 0.32 mm inner diameter, 0.20 µm film thickness). The

oven, inlet and detector temperature were set to 60oC, 100oC and 200oC, respec-

tively. The carrier gas was nitrogen (inlet flow rate 79.49 mL min−1; detector flow

rate 30 mL min−1) and hydrogen was used as the fuel gas. Runtime was set to

three minutes and retention time for methane was confirmed at approximately 2.25

minutes using methane standards (10 ppm, 100 ppm, 1000 ppm, 1% and 10% bal-

anced in N2; Calgaz). An aliquot of headspace gas was manually injected into the

GC using a gas tight, glass syringe (either Valco instruments Co., Vici Pressure-lok

250 µL or Hamilton Co., Gastight 2.5 mL; Figure 2.4).

Figure 2.4: Agilent 7890A gas chromatograph and inset, the two syringes used.

The sensitivity of the FID for methane detection was not determined. However, the

manufacturer of the instrument gives a sensitivity range for the FID of 10 to 100
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picograms of an organic compound dependent on the molecular structure. Given

how an FID works, whereby ionised particles impact on an array of pixel detectors

and record the intensity, one would assume that this value is a flux value denoting the

minimum mass of methane molecules required to provide the minimum number of

ionised particles, at a rate equal to the readout speed of the detector. As methane

is a small compound, then this would likely suggest that a larger mass would be

required. There are 6.234 × 10−12 moles of methane in 100 picogram of mass.

According to the ideal gas equation, solved for the number of moles present

n =
PV

RT
(2.2)

where n is the number of moles, P is the pressure in pascals, V is the volume in

m3, R is the gas constant (8.314 J K−1 mol−1) and T is the temperature in Kelvin,

in a 10 L cylinder at 1 bar and room temperature (20◦C or 293 K) there would be

3.5 × 104 moles of N2, and if that cylinder were a methane standard gas mixture

at 1 ppb of methane, then there would be one billion times less moles of methane

than N2 (3.5688 × 10−5 moles). There is a 5.7 million times difference between the

methane sensitivity value (i.e. in 100 picograms of methane) and the number of

moles of methane in a 1 ppb standard. Even if the cylinder were at a much higher

pressure, the number of moles of each gas would scale linearly and the outcome

would be the same. However, increasing or decreasing the hypothetical methane

concentration from 1 ppb would alter the relative difference between the methane

sensitivity limit and the analyte concentration. Therefore, it could be assumed that

the sensitivity of the FID was more than suitable for the experiments being run

throughout the experiments in chapters 4 and 5, given that the lowest standard

used was 2 ppm. The sensitivity would be affected by usage and other factors

such as the carrier gas used. Nitrogen was used a the carrier gas, which would

increase the sensitivity of the instrument, compared to using helium according to

the manufacturer’s instructions. However, the FID usage was high at the beginning

of experiments for Chapter 4 and a new FID was installed during this experiment.

Unfortunately, the exact point in the experiment that a new FID was installed was
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not recorded. This indicates that the sensitivity was potentially low to begin with

and the calculations above are an accurate assessment, but that the sensitivity im-

proved during the project and subsequently the calculations above are conservative.

It is unlikely that the sensitivity ever reduced to levels that would mean a 2 ppm

standard injection could not be detected.

The limit of detection (LOD) and the limit of quantification (LOQ) were also not

formally calculable as the software being used in conjunction with the instrument

did not provide the necessary values. The LOD determines if a peak is genuine or not

compound with the noise, and the LOQ determines whether there is sufficient signal

above the noise range to quantify the peak. Typically, they are calculated by taking

the full-width, half-maximum of a peak and calculating the noise range within ten

times that value in both temporal directions. The noise range is calculated by taking

the upper and lower y-axis value within the temporal range determined previously.

The LOD is a peak with a height of typically three times the noise range value and

the LOQ is ten times the noise range value (Figure 2.5).
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Figure 2.5: Conceptual plot demonstrating the parameters for calculating the limit of detection
(LOD; Orange arrow) and limit of quantification (LOQ; Black arrow) for a methane peak obtained
from an injection of a methane standard at a concentration of 2 ppb. It shows that this 2 ppb
standard injection falls slightly short of the LOQ value. The values provided were obtained from
PowerPoint rather than the native GC software, hence why the units are not equivalent to the two
axes. Text in the top right gives the value and colour for each parameter graphic overlaid onto the
methane peak. There is a peak tail, that is included in the automatic quantification of peak area
in this plot (thin pink line) that is excluded from the upper limit of noise, as it is present due to
the injection of methane.

Some injections of methane have a tail peak and some do not. Equally, most injec-

tions contained a systematic negative peak that appeared slightly before the methane

peak. In Figure 2.5 both a tail peak and the pre-methane negative peak can be seen.

For this example the pre-methane negative peak was included in the noise range

value calculation. One of the reasons that manual calculation using the method in

Figure 2.5 was not used is because of the subjective nature of whether to include

the pre-methane negative peak. Additionally, as the GC software was used in most

cases to automatically integrate a peak, in some instances that automated process

included the peak tail and for other peaks it did not. There would then be another

subjective element of whether to include this tail peak in the noise of not, dependent

on whether the automated process had included it in the integration or not. Given

the small impact the inclusion, or not, of the peak tail in the value for the peak area,
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it was determined that there was little value in manually integrating each peak to

include or remove this area from the integration. Additionally, as the 2 ppb peak in

Figure 2.5 is only marginally lower than the LOQ value, and 2 ppb was the lowest

methane standard used, then it can be assumed that all standard peaks would meet

the LOD and only a small number would not meet the LOQ.
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Chapter 3

Meta-analysis of methanogen

temperature, salinity and pH

growth data

3.1 Introduction

The hypothesis for the chapter is that there is an optimal set of growth parame-

ters for methanogenic type-strains; a meso-thermic temperature, a non-zero NaCl

salinity and neutral pH. Also investigated are statistical relationships between these

parameters and growth rate or guanine-cysteine DNA content (G&C content). The

individual, more specific, hypotheses relating to each parameter are given in the

relevant sections below.

In order to investigate whether there is an optimal set of growth parameters for

methanogenic type-strains a methanogen type-strain database previously compiled

(Jab loński et al., 2015) is updated with all relevant new data since its inception.

Furthermore, statistical analysis of the growth parameter data of methanogen type-

strains in various contexts is performed. These include analysing data related to

the temperature, NaCl salinity and pH growth ranges of all described type-strains

of methanogens, and analysis of each of these variables for each four methanogenic
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metabolic pathways. Statistical analysis of specific growth rate and G&C content

data is also performed for the same groups. This is in order to investigate a number

of common hypotheses (23 hypotheses are listed below in relevant variable spe-

cific sections) relating to either microbes in general, archaea or methanogens, and

assesses whether data support or reject each hypothesis, as well as improving the

understanding of the physiological constraints of methanogens. We also test new hy-

potheses that examine unanswered questions such as are methanogens of a particular

metabolism better adapted to growing optimally for each variable of temperature,

salinity and pH?

3.1.1 Covid-19 statement

This chapter presents work that arose directly in response to lockdown measures

implemented during the Covid-19 pandemic, that resulted in the closure of labora-

tory facilities, and is a meta-analysis focusing on the reported growth parameters

of type-strains of all currently described methanogens. Whilst work for this chapter

began during the initial lockdown period, it was continued after laboratory facilities

were again accessible.

Ecological importance of methanogens

Methane has been putatively detected in the atmosphere of Mars (e.g. Mumma

et al., 2009; Krasnopolsky, 2012; Webster et al., 2015). As mentioned in section

1.4.2, methanogens produce most of the methane present in the atmosphere of

Earth (Kirschke et al., 2013). Therefore understanding the parameters that lead to

methane production by methanogens in natural environments is important. How-

ever, natural environments are very different to laboratory environments where

initial growth experiments are conducted and where the data analysed here were

collected.

It is well established that very few, if any, natural environments possess the optimal

growth conditions for most, if not all, microorganisms present in any given environ-
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ment (Kotsyurbenko et al., 2019). Therefore, microbes have to adapt to suboptimal

conditions to survive and grow. It is also recognised that microbes do not naturally

exist in pure culture but instead in communities, although different levels of diversity

exist and in extreme environments diversity can be quite low. However, this thesis

focuses on methanogens grown in pure culture as all were grown in a laboratory

setting, in non-natural conditions, when nutrients were abundant. In nature there

may also be another nutrient or physical property, for example, the release rate of a

nutrient, which is missing from laboratory procedures, would provide more optimal

conditions than those derived during lab experiments. The purpose of this chapter

is to understand the parameters of growth for methanogens within a non-natural

laboratory environment. This will aid researchers in selecting strains to grow for

experiments where the ecological considerations, such as nutrient limitations and

suboptimal thermo-physiochemical conditions, are not important to simulate. Ad-

ditionally, in instances where it is favourable to grow methanogens in optimal condi-

tions to maximise yield, such as during biogas formation in bioreactors as a renewable

energy source (Acosta and Vrieze, 2018; Pappenreiter et al., 2019; Mauerhofer et al.,

2021), having a broader understanding of the range of methanogens available to use

could also be useful. Unfortunately, the characterisation of the environment a strain

of methanogen was isolated from is either extremely limited or completely absent

within the literature, however a discussion of the general geographical locations of

isolation is included in this chapter. Laboratory conditions are also usually constant

or vary parameters on a large scale (i.e. testing the end members of a growth pa-

rameter) but do not often accurately reflect the medium and short scale shifting of

variables in natural environments. Therefore, comparisons between the conditions

of a natural environment with those in the laboratory are restricted.
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3.1.2 The three major growth parameters of methanogens

Temperature

Methanogens are present in environments across a large temperature range. How-

ever, methanogenesis can be very sensitive to changes in temperature (Yvon-Durocher

et al., 2014). This suggests that there is a larger temperature range in which

methanogens can survive but methanogenesis is not occurring optimally, or at all.

Section 1.5.2 details how some methanogens possess a range of strategies to sur-

vive in many different temperature extremes. These include adaptations to surviv-

ing in cold temperatures such as membrane alterations (Rothschild and Mancinelli,

2001), compatible solute strategies (Dong and Chen, 2012), production of key chap-

erone proteins (Saunders, 2003) and preferential accumulation of certain amino acids

(Dong and Chen, 2012). Approximately 25% of CH4 released into the atmosphere

is produced in permafrost environments (Dong and Chen, 2012), meaning many

strains of methanogens can be isolated from cold environments, highlighting the

importance of understanding the physiological constraints of methanogens that can

grow at cold temperatures.

Some methanogens are able to adapt to high temperatures using a range of strategies

including dedicated chaperone proteins (Furutani et al., 1998) and proteins that can

provide genomic stability (Slesarev et al., 2002; Darcy et al., 1995) (As mentioned

in section 1.5.2). There are three potentially inhibitory effects of high-temperature

on methanogenesis (Hoehler et al., 2018), although these effects could apply to any

group of microbes as well. Firstly, methanogens have an internal temperature that

is at equilibrium with the external temperature and therefore as temperature in-

creases so does the internal temperature of each cell, increasing the stress exerted

on the cell components. This could affect the tertiary structure of enzymes, limiting

biochemical reactions (Mirsky and Pauling, 1936), as well as destabilising membrane

structure, particularly at temperatures above the optimum but also potentially at

temperatures below the optimum if repair mechanisms are still able to work effi-

ciently (Figure 3.1 shows a conceptual model of how this might work; Cavicchioli,
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2006). Secondly, temperature could affect the presence of syntrophic microbes able

to ferment complex organic matter into methanogenic substrates (Hoehler et al.,

2018). Even if methanogens in an environment can withstand a large range of tem-

perature, the syntrophic consortia providing methanogenic substrates might have a

more constrained temperature growth range. Hence, hyperthermophiles are typically

hydrogenotrophic and use geologically derived H2 (Hoehler et al., 2018), meaning

they rely less on syntrophic microbes. Lastly, bioenergetic inhibition may limit

methanogenesis as the cost of cell maintenance increases exponentially as temper-

ature increases thereby limiting metabolism in substrate limited, high-temperature

environments (Hoehler et al., 2018).

Figure 3.1: The regions of stress of an individual organism at varying temperatures relative to
an optimum temperature as proposed by Cavicchioli (2006). The blue line represents the growth
curve of a strain across a temperature range. Region “a” shows a low growth rate due to the
stress of low temperatures. Region “b” indicates where good growth is occurring due to favourable
temperatures. Region “c” indicates growth is occurring at approximately the laboratory-derived
optimum temperature, however if this temperature is above the typical temperature of the envi-
ronment the microbe is found then it might still be considered stressful, but repair mechanisms
are able to mitigate the thermal stress exerted on the cell. This region is sometimes refereed to as
the optimum range. Region “d” indicates slower growth is occurring due to higher temperatures
above the optimum, where repair and adaptation mechanisms are unable to mitigate the damage
caused by thermal stress.

As Figure 3.1 shows, there is a discrete optimum value and a temperature range

that encompasses the optimum value that is sometimes referred to as the optimum

range that is constrained by the minimum temperature of the optimum growth range

(Toptmin) and the maximum temperature of the optimum growth range (Toptmax).

This range is not well defined in the literature and in many cases seems arbitrar-

ily chosen with no justification. The only exception of note is the description for
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Methanobacterium arbophilicum that reports an optimum temperature growth range

of 30 to 37◦C. This is based on the discrepancy in the optimum reported for each

of two different measures of growth (CH4 production (30◦C) and optical density

(37◦C); Zeikus and Henning, 1975). The same issue exists for salinity and pH, with

no exceptions noticed during compilation of the database that suggests a stringent

definition to allow for a minimum optimum and maximum optimum to be assigned.

In this chapter, using an updated database of methanogen growth data, we discuss

the usefulness and validity of reporting the Toptmin and Toptmax, and we analyse

the parameter of temperature (across five levels: minimum temperature required

for growth (Tmin), Toptmin, temperature for optimum growth (Topt), Toptmax and

maximum temperature before growth is inhibited (Tmax)) and investigate various

hypotheses.

Hypotheses related to reported temperature growth data:

� In order to investigate whether in methanogens there is a difference in the

ability to grow at above or below their Topt we test the null hypothesis that

there is no significant difference between the mean of the mean δ T values (i.e.

δ Tlow equals Topt minus Tmin and the δ Thigh equals Tmax minus Tmax; Hypo:

T01).

� To investigate whether methanogens can grow at temperatures significantly

higher than their Topt we test the null hypothesis that there is no difference be-

tween the Topt mean of all methanogens to the Tmax mean of all methanogens.

(Hypo: T02)

� To investigate whether methanogens can grow at temperatures significantly

lower than their Topt we test the null hypothesis that there is no significant

difference between the Tmin mean and the Topt mean. (Hypo: T03)

Hypotheses related to reported temperature growth data per metabolic pathway:

� To investigate which metabolic pathway is potentially better adapted to grow-

ing optimally at high or low temperature we test the null hypothesis that
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there is no significant difference between the Topt growth temperature values

for hydrogenotrophic, methylotrophic and acetoclastic methanogens. (Hypo:

TM01)

� To investigate whether methylotrophic methanogens are better adapted to cold

environments compared to acetoclastic methanogens (Cao et al., 2014) we test

the null hypothesis there is no significant difference between the median values

of methylotrophic methanogens and acetoclastic methanogens. (Hypo: TM02)

� To investigate whether acetoclastic methanogens are not able to grow well at

temperatures above 60◦C (Stams et al., 2019) we test the null hypothesis that

there are no acetoclastic methanogens with a Tmax at or above 60◦C. (Hypo:

TM03)

Salinity

The US Geological Society (USGS) defines slightly saline water as having a molarity

between 0.017 M and 0.05 M, moderately saline between 0.05 M and 0.17 M and

hypersaline as above 0.17 M. These parameters will be used to contextualise data

analysed here.

Section 1.5.2 outlines that methanogens are present in many saline and hypersaline

environments, and possess two main mechanisms for surviving and growing in these

environments: compatible solutes and the salt-in strategy. Compatible solutes are

a major mechanism for resistance to saline conditions and can be either organic

or inorganic. The salt-in strategy is the internal accumulation of ions, typically

from KCl, for osmotic balance compared to the extracellular environment (Gunde-

Cimerman et al., 2018). The recent discovery of extremely halophilic methanogens

revealed that the salt-in strategy may be primarily employed by a few H2-dependent

methylotrophic methanogens to regulate osmolarity (Sorokin et al., 2017). They dis-

covered that methanogens within the class Methanonatronarchaeia possess a sim-

ilar proteome as other moderately halophilic bacteria and archaea, and that their

genomes contain genes for proteins to transport K+ ions but lacked genes to pro-
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duce common compatible solutes (Sorokin et al., 2017). Hydrogenotrophic and ace-

toclastic methanogens are often out-competed for resources such as hydrogen and

acetate in hypersaline environments, therefore methylotrophy is often the dominant

metabolism present ((McGenity and Sorokin, 2018)). Interestingly, despite using a

combination of substrates from two other pathways, the methylotrophic (organics)

and hydrogenotrophic (H2) pathways, H2-dependent methylotrophic methanogens

potentially outcompete even methylotrophic methanogens in hypersaline environ-

ments ((McGenity and Sorokin, 2018)).

In hypersaline environments that lack competition with other electron acceptors, hy-

drogenotrophic and acetoclastic methanogenesis are also possible and many halophilic

strains using these pathways are present, however methylotrophs are still the pre-

dominant strains (Waldron et al., 2007). Also, it is assumed that all salt-tolerant

and halophilic methanogens taxonomically belong to the order Methanosarcinales

or are H2-dependent methylotrophs in other orders (Söllinger and Urich, 2019).

In this chapter, using an updated database of methanogens growth data, we analyse

the parameters of salinity (across five levels: minimum sodium chloride required

for growth (NaClmin), minimum of the optimum growth range (NaCloptmin), sodium

chloride required for optimum growth (NaClopt), maximum of the optimum growth

range (NaCloptmax) and the maximum sodium chloride before inhibition of growth

begins (NaClmax)) and investigate various hypotheses. We also discuss the usefulness

and validity of reporting a optimum growth range for salinity.

Hypotheses related to reported NaCl salinity growth data:

� To investigate if there is a significant difference between the five growth cate-

gories of salinity data we test the null hypothesis that there is no significant

difference between the mean salinity of the five growth categories (Hypo: S01).

� To investigate whether methanogens prefer low salinity conditions (Taubner

et al., 2015), we test the null hypothesis that there is no significant difference

between the NAClopt mean for the whole dataset and the value of the USGS

defined maximum for moderately saline (0.05 M; Hypo: S02).
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� To investigate whether all methanogens require salts for growth (Schlegel and

Müller, 2011) we test the null hypothesis that there are no methanogens with

an NaClmax of zero (Hypo: S03).

� To investigate whether acetoclastic methanogens do not grow optimally in

hypersaline environments (Stams et al., 2019) we test the hypothesis that

more acetoclastic methanogens are able to grow optimally above a salinity

tolerance of 0.17 M (The USGS boundary for hypersaline) compared to below

(Hypo: S04).

� To investigate whether methylotrophic methanogens are more likely to grow

optimally in hypersaline conditions compared to methanogens of other metabolic

groups we test the hypothesis that methanogens that can grow optimally in

hypersaline environments are most likely to be methylotrophic. We also com-

pare the number of methanogens in each metabolic group that can grow above

1 M NaCl salinity (Hypo: S05).

� To investigate whether salt-tolerance is metabolically restricted to certain tax-

onomical ranks (order: Methanosarcinales or orders containing H2-dependent

methanogens) (Söllinger and Urich, 2019) we test the null hypothesis that there

are no methanogens in any taxonomic group other than the ones mentioned

that are able to survive in saline conditions (Hypo: S06).

pH

Proton (H+ ion) gradients are important in microbial cells and a positive proton-

motive force is often required to ensure that there are H+ ions available outside of

the cytoplasm. H+ ions are required for the energy-conserving reaction that converts

adenosine diphosphate (ADP) or adenosine monophosphate (AMP) and inorganic

phosphate (Pi) to form adenosine triphosphate (ATP), the energy storing molecule,

using the membrane-bound enzyme ATP synthase (As mentioned in section 1.5.2).

However, most cytochrome-free methanogens prefer Na+ ions for ATP generation,

whilst cytochrome-containing methanogens are better adapted to selecting between
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the two ions depending on environmental conditions (McMillan et al., 2011; Mayer

et al., 2012; Schlegel and Müller, 2013). Controlling the gradient of free H+ ions

is still essential to energy conservation and could also be important for optimising

reactions using enzymes within the cytoplasm. Increased H+-ion concentration could

affect the ionisation of amino acids at the binding sites of enzymes, substrates and

other proteins, and could cause protein tertiary structure to denature (Kemper

et al., 1993). Therefore, methanogens have to control a Na+-ion gradient and an

internal H+-ion concentration by using a membrane-associated antiporter protein

that can transport either ion into or out of the cell, but the corresponding ion

is concurrently transported in the other direction (McMillan et al., 2011). This

suggests that removing H+ ions from the cytoplasm is also extremely costly as it

reduces the Na+ ion gradient that could affect the Na+ ion motive force and ATP

production.

In this chapter, using an updated database of methanogens growth data, we analyse

the parameter of pH (across five levels: minimum pH required for growth (pHmin),

minimum of the optimum growth range (pHoptmin), pH required for optimum growth

(pHopt), maximum of the optimum growth range (pHoptmax) and the maximum pH

before growth is inhibited (pHmax)) and investigate various hypotheses. We also

discuss the usefulness and validity of reporting a optimum growth range for pH.

Hypotheses related to reported pH growth data:

� To investigate whether methanogens prefer neutral pH conditions (Taubner

et al., 2015) we test the null hypothesis that there is no significant difference

between the mean molar H+-ion concentration that methanogens grow at op-

timally and the equivalent value for neutral pH of 7 (10−7 M of H+ ions; Hypo:

pH01).

� To investigate whether a particular metabolism is better adapted to grow-

ing optimally at higher or lower pH relative to other pathways we test the

null hypothesis that there is no significant difference between the mean opti-

mum growth molar H+-ion concentration values of all four metabolic pathways
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(Hypo: pH02).

3.1.3 Specific growth rate

Specific growth rate describes the increase in biomass per unit time, given as per

hour. Growth rate is calculated as

µ =
ln 2

td
(3.1)

where µ is the specific growth rate (usually expressed in units of time (h−1)) and td

is the doubling time during the exponential phase of growth.

Hypotheses related to reported specific growth rate data:

� To investigate whether there are discernable patterns between the growth rate

and each of temperature, salinity and pH, correlation tests were performed to

test the null hypothesis that there is no significant difference between the cor-

relation coefficient and a zero correlation coefficient for each of these variables

(Hypo: GR01).

� To investigate whether there are any discernable patterns between growth

rate and each of temperature, salinity and pH for each metabolic category,

we test the null hypothesis that there is no significant difference between the

correlation coefficient of each metabolic pathways Topt, NaClopt and pHopt and

a correlation coefficient of zero (Hypo: GR02).

3.1.4 Guanine and Cytosine (G&C) content

G&C nucleobases bond together with a triple hydrogen bond when double-stranded

DNA forms. Comparatively, adenine and thymine (A&T) nucleobases bind together

with a double hydrogen bond. A hypothesis exists that, due to the increased ther-

mostability of triple hydrogen bonds, organisms that can grow at a higher temper-

ature will consequently have adapted by having a higher G&C content (Bernardi
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and Bernardi, 1986; Salinas et al., 1988; Bernardi, 2000). This thermal adaptation

hypothesis has been examined and reviewed since sequencing has become easier

and cheaper to perform. Hurst and Merchant (2001) suggest that G&C content in

prokaryotes is not positively correlated with optimal growth temperature, and in

fact in archaea the opposite may be true. They used the third codon position as

a control, as the third codon position can sometimes mutate without changing the

amino acid being coded for. Therefore, over time G&C nucleobases can accumu-

late in this position if required to increase thermal stability more freely than codon

position one or two. No relationship was shown between third codon G&C content

and growth temperature (Hurst and Merchant, 2001). Similarly, no correlation was

found between the G&C content and optimum growth temperature when consid-

ering a whole dataset of microbes, but when data are grouped taxonomically by

family, correlations began to appear (Musto et al., 2004).

Hypotheses related to reported G&C content data growth data:

� To investigate whether there is a positive or negative correlation in methanogen

type-strains and whether the thermal adaptation hypothesis applies (Bernardi

and Bernardi, 1986; Salinas et al., 1988; Bernardi, 2000) we test the null hy-

pothesis that there is no significant difference between the correlation coeffi-

cient of G&C content and Topt compared to a correlation coefficient of zero

(Hypo: GC01).

� To help support our findings we also test the same null hypothesis, but using

Tmax instead of Topt (Hypo: GC02).

� To investigate whether the thermal adaptation hypothesis can only be applied

at the family taxonomical rank (Musto et al., 2004) we test the null hypothesis

that there is no significant difference between the correlation coefficient for

each family Topt and G&C content compared to a correlation coefficient of

zero (Hypo: GC03).

� To investigate whether the findings of the above G&C content hypotheses are

comparable with other similar organisms we test the first and third of the
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above hypotheses using a dataset of methanotrophic bacteria (Hypo: GC04).

� To investigate whether G&C content varies between metabolic category we

test the null hypothesis that there is no significant difference between the

mean G&C content percentage of each metabolic category (Hypo: GC05)

� To investigate whether hydrogenotrophic methanogens that grow optimally at

above 60◦C have a significantly different G&C content compared to average

we test the null hypothesis that there is no significant difference between the

mean G&C content of hydrogenotrophic methanogens that grow optimally at

above 60◦C and the mean G&C content of the whole dataset (Hypo: GC06).

3.2 Methods

3.2.1 Developing a database

A database of methanogens containing many growth parameters, including tempera-

ture, salinity, pH, G&C content, growth rate and many more variables was compiled

in 2015 (Jab loński et al., 2015). This database forms the foundation for the database

used in this study. Additional information was required to complete the database,

such as missing data for many strains and the complete range of data for most

strains described after 2015 (12 strains were added). Quality control of data in the

original database was achieved by ensuring that whenever a missing data point was

being collected from the literature, that a check of existing data was performed.

Key variables (such as those related to temperature, pH and salinity) were checked

for accuracy and used as a benchmark for remaining variables, for all publications

that reported a new type-strain.

A literature search was conducted by manually searching every issue of the Interna-

tional Journal of Systematic and Evolutionary Microbiology (IJSEM) since the first

issue in 1951 and cross-referencing the methanogenic strains found with the existing

database and where new strains were described that did not feature on the database,
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they were added. A number of strains are not described in IJSEM and a general

search on a scholastic-based search engine (scholar.google.com) was used to find

the remaining description publications. The updated database was cross-referenced

with the List of Prokaryotic names with Standing Nomenclature (LPSN) that is

administrated by the Deutsche Sammlung von Mikroorganinsmen und Zellkulturen

(aka. DSMZ; In English - the German collection of microorganisms and cell cultures

GmbH), which allows for taxonomic-level subsetting of microbial strains and pro-

vides information of strains that are accepted both in taxonomy and nomenclature

but importantly also labels strains that are not accepted, those that are synonyms of

other strains and those that have been re-classified taxonomically since their original

description. This ensures that a high level of confidence is achieved that all currently

described methanogenic strains that are accepted in nomenclature and taxonomy

are present within the database used here. Since the completion of this database,

two more strains have been described, but their data is not included in this dataset.

The complete database (referred to simply as ”the dataset” herein) contains 59

variables of data ranging from growth parameters, metabolic pathway information

and taxonomic information. Table A.1 shows all strains, the metabolic pathway they

use and the type of environment each strain was sampled from. Table A.4 shows

all of the variables used in this study (29 or the original 59), the type of variable

(numeric, categorical or binary) the data range for each numeric variable, the total

number of data points for each variable as well as an example for each variable

(all example data is attributed to Methanoculleus marisnigri). The key growth

parameters of temperature, pH and NaCl molar concentration are presented with up

to five variables for each strain; they are the minimum growth requirement, minimum

of the optimum range, the discrete optimum, the maximum of the optimum range

and the maximum growth limit (respective notations used - Xmin, Xoptmin, Xopt,

Xoptmax, Xmax; where X is ”T” for temperature data, ”pH” for pH data and ”NaCl”

for sodium chloride salinity data). Some description publications only report some

of the growth variables for each strain, for example only reporting an optimum with

no Xoptmin or Xoptmax (This is discussed further in Section 3.3.2). An additional five

variables not present in the original database or typically reported in description
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publications were added for hydronium ion (H3O
+ or H+) concentration, which

were used to account for the fact that pH data are log values and are therefore

not appropriate to calculate an average. H+-ion values were calculated using the

following equation

10−pH = [H3O
+] (3.2)

As H+-ion concentration is the inverse log of pH, these new data values are linear

values and not logarithmic values. This makes presenting data related to pH averages

much more intuitive because the average H+ ion of a variable is made of linear values

as opposed to logarithmic values. The average H+ ion value is then converted back

into pH value for ease of interpretation (Boutilier and Shelton, 1980; Kerrison et al.,

2011). This approach is not appropriate for calculating the standard deviation as

this produces negative values that cannot be converted using a negative log to a pH

value. Therefore converted pH means are reported with the data range as error bars.

Other variables such as G&C content, growth rate (h−1) and metabolic designation

(e.g. pathway, or pathways, a strain can use) are also used.

Methanotroph database

For the purposes of comparing G&C content and growth temperature data between

methanogens and a related group of organisms known as methanotrophs, a group

of methane-using microbes, a database of methanotrophs was also assembled and

includes four variables taken from the description publication for the type strain

(Topt, Tmin, Tmax and G&C content). This database features 65 strains (found in

Table A.2), although one strain has no data in any variable and so was omitted

from analysis and many others are missing data in some variables. Methanotrophs

within the domain Archaea remain uncultured (Sun et al., 2019) and therefore only

methanotrophs within the domain Bacteria are included in the database (Table A.2).
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3.2.2 Temperature classification

There are four commonly used growth categories when describing temperature growth

ranges: psychrophile, mesophile, thermophile and hyper-thermophile. However,

there is no scientific consensus regarding the definitions of these categories. As

such, additional terms are now being used for groups that do not fit discretely into

one category, such as stenopsychrophile (an organism that can only grow in very low

temperatures) and eurypsychrophile/psychrotolerant (a mesophile that can tolerate

low temperatures; Dong and Chen (2012)). Another problem exists with defining

the parameters for these categories. Some define psychrophiles as having an opti-

mum growth temperature (Topt) under 15◦C (Madigan et al., 2019), although no

methanogen would then be defined as a psychrophile as Methanogenium frigidum

has the lowest Topt of methanogens at 17◦C. Rothschild and Mancinelli (2001) sug-

gest a psychrophile has a Tmax under 15◦C, which makes it even less likely that an

organism would qualify as a psychrophile in comparison to the first definition, includ-

ing no methanogens. Cavicchioli (2006) argues that defining organisms by growth

temperature is arbitrary and categories should be defined based on the temperature

of their natural environment. This would favour using the Topt over the Tmax, as it

is closer to the temperature of an organism’s natural environment, but is still not

likely to represent it. This is because organisms isolated from cold environments

likely have a higher Topt compared to the temperature of their natural environment,

and they often have a higher temperature growth range, that both lead to increased

thermokinetics and higher metabolic rate (Cavicchioli, 2006). However, whilst these

organisms are producing metabolites optimally, it does not mean the organism is

performing optimally physio-chemically, as there is a much greater thermal stress

being exerted on cells. In their natural environment they would grow much more

slowly, but with less thermal stress. This may be important particularly for tran-

scriptomic and proteomic work where the context is the molecular ecology of the

organism, as data will be skewed towards genes transcribed and proteins made at

higher temperatures that are related to a stress response, instead of the genes tran-

scribed and proteins made when growing in their natural environment (Cavicchioli,
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2006). Understanding the relationship and differences between methanogens grow-

ing in their natural environment when compared to in the laboratory will help to

interpret data related to the ecology of methanogens. This will also help to interpret

data from other celestial bodies, such as Mars, where methane has been detected

within the atmosphere (e.g. Mumma et al. (2009); Krasnopolsky (2012); Webster

et al. (2015)), when considering the role methanogens might play.

In this study, for the purposes of discussion and to avoid overlap occurring where

a methanogen may qualify for more than one category, four arbitrary groups were

formed based on the Topt of the strains (Topt below 20◦C, Topt between 20◦C and

39◦C, Topt between 40◦C and 59◦C and Topt above 60◦C) to broadly mimic the

four traditional temperature categories. The four categories used here will be re-

ferred to in the discussion as “low temperature”, “moderate temperature”, “high-

temperature” and “extremely high-temperature”. A manual check was performed

to ensure that these brackets capture all methanogens in the dataset.

3.2.3 Statistical methods

Data exploration and statistical analysis were performed using the statistical soft-

ware R (R Core Team, 2020), with the packages ggplot2 (Wickham, 2016), tidyr

(Wickham and Henry, 2020), gridExtra (Auguie, 2017), dplyr (Wickham et al.,

2021), sf (Pebesma, 2018), rnaturalearth (South, 2017). A P -value of below 0.05

was considered as significant.

Comparison of means were performed using either a non-parametric Mann-Whitney-

U test for comparison between two means and a paired, non-parametric Kruskal-

Wallis one-way analysis of variance test for comparison between greater than two

means. No dataset used was normally distributed, which was confirmed using a com-

bination of quantile-quantile plots, histograms and Shapiro-Wilk’s tests. Bartlett’s

tests were used to test the homogeneity of variance between datasets, with very

few meeting this assumption. An ad-hoc non-parametric pairwise Wilcoxon test

was used where a significant difference was reported by a Kruskal-Wallis test, which
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itself reports a P statistic for each combination pair of data subsets.

All correlations were performed using a non-parametric Spearman’s ranked correla-

tion test as all subsets of data used failed to meet the assumptions required for the

parametric equivalent Pearson’s test. The subset of data for the Topt of acetoclastic

methanogens, used to determine if a correlation between the growth rate of ace-

toclastic methanogens with the Topt of the same subset, was normally distributed

according to a Shapiro-Wilk’s test, however a quantile-quantile plot demonstrated

that the Shapiro-Wilk’s test was probably incorrect and suffered from a low sample

size, therefore a non-parametric Spearman’s rank correlation was used. All lines and

error shading are provided by the geom smooth (geom smooth()) function found in

the package ggplot2 (Wickham, 2016). Non-linear lines of best fit are produced

using a LOESS regression method that repeatedly takes a small subset of the data

and fits a non-linear regression to it to produce a smoothing curve. Lines of best fit

are given with a 95% confidence interval. A P -value and a correlation statistic (for

Spearman’s ranked correlation a rho, as ρ) is also reported.

Where means are reported a plus or minus (±) of one standard deviation is also

given; where a median value is report, the interquartile range (IQR) is also given as

a 1st quartile (1QV) and 3rd quartile (3QV) value. Barcharts show a mean value

with error bars depicting plus or minus (±) one standard deviation.

3.3 Results and Discussion

3.3.1 Global distribution of methanogens

For 115 strains the location of isolation was described or could be deduced from

the information provided. For some of the strains a specific set of coordinates was

provided, whereas for a few a very broad location was provided (e.g. ”Western

Australia”), where the coordinates used where assumed to be a midpoint in that

region.
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107 strains were isolated from northern-hemisphere locations and only 8 from

southern-hemisphere locations. Three clusters were identified as regions where most

methanogens (82.6%) were first isolated: in North and Central America (29 strains;

25.22%), in Europe and North Africa (28 strains; 25.35%) and in east Asia (38

strains; 33.04%).

Figure 3.2: The global distribution of sample sites from which most described methanogenic type
strains were sampled from. Map a shows locations of sample sites in North and Central America
(n = 29), map b shows locations of samples sites in Europe and North Africa (n = 28), map c
shows locations of sample sites across the whole globe (n = 115) and map d shows locations of
samples site in East Asia (n = 38).

The distribution of methanogens suggests that there is potentially a northern hemi-

sphere bias when it comes to sampling locations chosen. More research is required to

determine why this is the case and that does not fall into the scope of this chapter.

3.3.2 Analysing temperature by growth category

The full temperature growth range of methanogens extends from −2.3◦C (Methanococ-

coides alaskense; Singh et al., 2005) to 110◦C (Methanopyrus kandleri; Kurr et al.,
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1991) and this range has not changed since the original database was compiled in

2015 (Jab loński et al., 2015). Of the 165 strains described, all have a value for Topt,

but not all have reported a Tmin (n = 147), Toptmin (n = 54), Toptmax (n = 29) or

Tmax (n = 151). The average δ temperature (Tmax - Tmin) is 27.1 ± 8.8◦C.

Only three methanogenic strains grow optimally at below 20◦C (Figure 3.3), whereas

there are 100 strains that grow optimally between 20◦C and 39◦C (Figure 3.4), 38

strains that grow optimally between 40◦C and 59◦C (Figure 3.5) and 24 that grow

optimally above 60◦C (Figure 3.6). Strains that grow at medium- (Figure 3.4) and

high-temperature ranges (Figure 3.5) seem to have a much broader temperature

range and some are able to grow non-optimally at a low temperature, that would

traditionally give them the classification of psychrotolerant (i.e. a mesophile, or in

this case too a thermophile, which can tolerate and grow in cold conditions; Dong and

Chen, 2012). In fact, 63% of the strains in the medium-temperature range (Figure

3.4) and approximately 42% of strains in the high-temperature range (Figure 3.5)

are capable of growing at low temperature. Additionally, across all four plots the

data demonstrate a much greater range between the Tmin and Topt, compared to

the Tmax and Topt.

Figure 3.3: Reported growth data for methanogens that can grow optimally below 20◦C (n = 3) in
five categories. Some strains can grow at an Tmin value of 30◦C and one can grow at a molar Tmax

value of 110◦C. Not all strains have reported data for temperature tolerance in all five categories.
Strain data was taken from their respective description publication, citations in Table A.3.
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Figure 3.5: Reported growth data for methanogens that can grow optimally between 40◦C and
59◦C (n = 38) in five categories. Some strains can grow at an Tmin value of 10◦C and one can
grow at a Tmax value of 110◦C. Not all strains have reported data for temperature tolerance in
all five categories. Strain data was taken from their respective description publication, citations in
Table A.3.
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Figure 3.6: Reported growth data for methanogens that can grow optimally at above 60◦C (n = 24)
in five categories. Some strains can grow at an Tmin value of 30◦C and one can grow at a molar
Tmax value of 110◦C. Not all strains have reported data for temperature tolerance in all five
categories. Strain data was taken from their respective description publication, citations in Table
A.3.

Can methanogens survive in a greater temperature range above or below

their average Topt? (Hypo: T01) Cavicchioli (2006) suggests the Topt of an

organism likely represents the equilibrium point between the maximum thermody-

namic effect on enzyme activity and metabolic rate, and the rate of heat-induced

cell damage. Therefore, cells growing in temperatures equal to, or lower, than Topt

down to their Tmin have a metabolic rate high enough to meet or exceed the needs

of repair and reproduction, and cells growing in temperatures higher than Topt have

a high energy cost for cellular repair that inhibits growth. A non-parametric com-

parison of means between the δ Tlow (Topt minus the Tmin; mean = 19.5 ± 7.6◦C)

and the δ Thigh (Tmax minus the Topt; mean = 7.6 ± 4.5◦C) of all strains was signifi-

cantly different (P < .001), which supports this hypothesis and statistically suggests

data is asymmetrical in density around the Topt density data peak with the Tmin

data clustered further away from the Topt and with more spread compared to the

Tmax data, which is clustered closer to the Topt (Fig. 3.7). This also suggests that
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methanogens are more likely to survive and grow in temperatures below their Topt,

compared to far above their Topt.

Figure 3.7: There is an asymmetry of the Tmin and Tmax data around the Topt data. Density is
given as a ratio and shows the frequency of data points present at a particular Temperature. The
dashed line shows the median value of the variable Topt (37, 1QV = 35, 3QV = 45).

Can methanogens grow at temperatures significantly higher than their

Topt? (Hypo: T02) Cavicchioli (2006) have suggested that methanogens are de-

activated rapidly above their Topt. Despite the finding above that methanogens on

average can survive and grow in a greater range of temperatures below their Topt

compared to their Tmax, seemingly confirming this, it is different because it sug-

gests that the average Tmax should be close to the Topt. The proposed hypothesis

is not accompanied by a suggested numeric distance between the Topt and the Tmax

to quantify the term “rapidly”. Therefore, statistical analysis of this hypothesis

is more difficult and it can be used to make an inference as to the validity of the

hypothesis, at best. Nonetheless, a non-parametric comparison of the means was

performed between the five levels of temperature data (Figure 3.8) and a significant

difference (P < .01) was observed between the two levels of Tmax (mean = 50.1

± 16.7◦C) and Topt (mean = 42.1 ± 15.6◦C). This could suggest that deactivation

of cells occurs more slowly at temperatures above the Topt in methanogens than is

hypothesised by Cavicchioli (2006) (Fig. 3.8).
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Figure 3.8: A histogram showing that there is no significant difference between the Topt mean,
the Toptmin mean and Toptmax mean, but is significantly different from the Tmin mean and Tmax

mean. Statistical groupings are indicated by letters a to d. Bars show one standard deviation
above and below the mean. The sample size of each group is shown at the base of each bar

Can methanogens grow at temperatures significantly lower than their

Topt? (Hypo: T03) To offer comparison with Hypo: T02, the difference between

the Tmin and Topt was statistically investigated, with the expectation that there is a

significant difference. This is because if there is a significant difference between the

Topt and Tmax and the δ Tlow is significantly different from the δ Thigh, then logically

a statistically significant difference should be observed. A significant difference (P

< .001) between Topt (mean = 42.1 ± 15.6◦C) and the Tmin (mean = 23.2 ± 15.3◦C)

was observed. This suggests that metabolic activity reduces slowly from the Topt to

the Tmin, which might have been expected, in comparison to methanogens ability

to grow at higher than Topt as demonstrated in analysis for Hypo: T02.

Is it statistically useful to record Toptmin and Toptmax, if Topt is being

recorded? (Hypo: T04) The outcome of statistical analysis suggests accept-

ing the hypothesis based on a significant difference being observed between all the

levels, which in turn would suggest that the Toptmin and Toptmax are different from

107



the Topt. However, we argue that reporting values for Toptmin and Toptmax is not

necessary as they are often chosen arbitrarily, with no explanation given within de-

scription publications. Additionally, and grammatically speaking, using the word

optimum to define two values that are themselves not the optimum is baffling. To

grow a strain at its optimum temperature only one temperature can logically be

used, the Topt. For sake of brevity, this argument also applies to the optimum mini-

mum and optimum maximum for salinity and pH data and will not repeated in the

respective sections for each, but the relevant statistics are presented.

Methanogens from cold environments

Methane from cold environments plays an important role in the global methane cycle

and represents a large methane production and emission source (Dong and Chen,

2012); many strains are isolated from cold environments (Franzmann et al., 1992,

1997; Chong et al., 2002; Von Klein et al., 2002; Krivushin et al., 2010; Shcherbakova

et al., 2011; Chen et al., 2018). Additionally, Taubner et al. (2015) classify even more

strains as psychrophilic (15) compared to those in the low-temperature growth range

here (3). Therefore there might be an expectation that more strains are able to grow

optimally at low temperatures.

A temperature density plot of all five temperature variables (Figure 3.7) shows

that an asymmetry around the Topt density area exists and and the peak density

for Tmin data is much further away from the Topt peak than the Tmax data peak.

This could suggest that methanogens are more likely to be associated with colder

environments than hotter environments and potentially suggests that methanogens

are generally better at growing at temperatures lower than their Topt compared to

above their Topt. This reflects the fact that growing above optimal temperature

requires adaptation mechanisms to prevent physical degradation of key proteins,

whereas growing below optimal temperature, but where temperatures are above

freezing, simply slows down the thermal kinetics of biochemical reactions and does

not necessarily convey the same level of stress. In fact, all methanogens can be

stored at refrigeration temperatures (approximately 5◦C) for many months without
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being detrimental to the survival of the strain. This could also, however, reflect a

sampling bias, which is discussed further, later in this section.

Previously, it was reported that methanogens isolated from cold environments have

a lower Topt than mesophilic strains, but that those methanogens have a higher Topt

than acetogenic bacteria isolated from the same cold environments (Nozhevnikova

et al., 2001). This suggests that those methanogens are not native to those envi-

ronments. It was suggested that methanogens isolated from naturally cold envi-

ronments could potentially have been transferred via the faeces of fauna that host

methanogens in their body, such as ruminants (Nozhevnikova et al., 2001; Hack-

mann and Spain, 2010), however a time frame for how long this method of transfer

has been occurring was not discussed. This type of transfer could plausibly have

been occurring throughout the fossil record of ruminants (50 million years; Schaller

and Vrba, 2000; Fernández and Vrba, 2005). This potentially suggests a mech-

anisms for why the δ Tlow is larger than the δ Thigh, whereby in the potential

time frame of faecal-based transfer, the geographical distribution of ruminants in-

cludes many cold environments, but very few, if any, hot environments (i.e. those

above 59◦C), such as hot springs, hydrothermal vents and the deep subsurface -

that are inaccessible to ruminants. This could restrict the number of mesophilic

strains present in ruminants able to be transferred to hot environments and there-

fore molecular and cellular mechanisms for adapting to hot environments are not

required. Whereas, conversely, transfer could have occurred regularly for millions

of years to cold environments and therefore mesophiles that were able to adapt to

the low temperatures persisted whilst retaining their ability to grow optimally at

mesophilic temperatures. Analysis of links between the methanogenic community

structure of rumen and environments where ruminants are found could shed more

light on this hypothesis. Additionally, because growing above the Topt is potentially

more stressful than growing below the Topt it could be easier for a methanogen

to adapt to growing at lower temperatures and therefore methanogens transferred

from relatively higher temperature environments to relatively lower temperature en-

vironments would be less stressed and potentially able to adapt and survive when

compared to methanogens transferred from a relatively lower temperature environ-
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ment to a higher temperature environment. However, these are generalisations and

adaptation at any temperature will be strain specific.

There is a typical geographical sampling bias contributing to skewed data, as demon-

strated by Figure 3.2, which suggests that many strains were first isolated from

terrestrial environments, and many strains isolated from marine sediments were

obtained from a shoreline. Therefore, researchers have preferentially sampled en-

vironments that are easy to access with very little technological, logistical or en-

vironmental barriers. As such, it is much more likely that moderate-temperature

environments are the chosen sampling site when compared to extremely hot and

extremely cold environments. However, even between extremely hot and extremely

cold environments, the former often present a much more costly endeavour. Alter-

natively, as psychrophiles take much longer to grow compared to mesophiles and

thermophiles, sampling from cold environments represents a longer time investment

for researchers that could discourage them from choosing such environments to sam-

ple from.

The data here do not support any expectation that there might be methanogens

that are more associated with cold temperature environments as to date most

methanogens grow at moderate to high-temperatures. However, despite being an im-

portant component to understanding the methane cycle on Earth (Kvenvolden and

Lorenson, 2001) low-temperature environments that emit methane are understud-

ied and psychrophilic methanogens are under represented among cultured strains.

It is plausible that many more unique strains of psychrophilic methanogens will be

isolated from cold environments.

3.3.3 Analysing temperature data per metabolic category

Are there significant differences between the Topt mean of each metabolic

category? (Hypo: TM01) There are 123 methanogens that use the hydrogenotrophic

pathway, 57 use the methylotrophic pathway, 13 use the acetoclastic pathway and

5 use the H2-dependent methylotrophic pathway. Some methanogens can use more
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than one metabolic pathway, hence why the sum of these values equals above 165 de-

scribed strains. Table 3.1 gives the Tmin, Tmax, Topt mean (with standard deviation)

and Topt median for each metabolic pathway. There are no significant differences

between the mean Topt of methanogens of any metabolic pathway (P = 0.4). How-

ever, the H2-dependent methylotrophic methanogen data was not included in the

comparison of means, as the sample size is too small. Data for methanogens that

are able use multiple pathways was included in the mean value for every pathway.

Table 3.1: Temperature data for each methanogenic metabolic pathway

Metabolism Tmin (◦C) Tmax (◦C) Topt mean and standard deviation (◦C) Topt median (◦C)
HT 0a 110b 43.89 ± 16.98 37
MT -2.3c 70d 36.60 ± 7.86 37
AC 0e 70f 39.69 ± 8.60 38
MR 20g 50h 40.2 ± 5.54 38

HT, hydrogenotrophic; MT, methylotrophic, AC, acetoclastic, MR, H2-dependent methy-
lotrophic
a(Methanogenium frigidum; Franzmann et al., 1997), b(Methanopyrus kandleri; Kurr et al.,
1991)
c(Methanococcoides alaskense; Singh et al., 2005), d(Methermicoccus shengliensis; Cheng et al.,
2007)
e(Methanosarcina soligelidi; Wagner et al., 2013), f (Methanothrix thermophila; Kamagata
et al., 1992)
g(Methanomicrococcus blatticola; Sprenger et al., 2000), h(Methanonatronarchaeum ther-
mophilum; Sorokin et al., 2018)

Each methanogen within each metabolic category can grow over a range of temper-

atures (Table 3.1). Cleveland dot plots highlight that whilst an average Topt mean

per metabolic category can be calculated, each metabolic category has strains that

are able to grow over a large range of temperatures (Figs. 3.9, 3.10, 3.11 and 3.12).

Table 3.1 also highlights that whilst there is no significant difference between the

Topt means of each metabolic category, only strains that use the hydrogenotrophic

pathway can grow above a temperature of 70◦C.

This suggests that there are no unique temperature adaptation mechanisms em-

ployed by methanogens of any metabolic pathway, except for potentially a small

subset of hydrogenotrophic methanogens. Therefore, in most environments (i.e.

those under 70◦C), a methanogen using any metabolic pathway could be present, as

long as other factors, such as access to the correct substrates, are met. Whilst in envi-

ronments over 70◦C, there could potentially only be hydrogenotrophic methanogens

present, if H2 and CO2 are present. 71.4% of methanogens that can grow opti-
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mally above 70◦C were isolated from hydrothermal vents. In hydrothermal vent

environments there is a negative correlation between the concentration of organics

present and the temperature of the vent fluid (Longnecker et al., 2018). Addition-

ally, methylotrophic and acetoclastic methanogens might be outcompeted by other

methylotrophic bacteria for organic substrates and acetate, as they typically are in

saline environments (McGenity and Sorokin, 2018). This could explain the lack of

methylotrophic and acetoclastic methanogens in these environments. In contrast,

hydrogenotrophic methanogens are able to grow on H2 formed by fluid/rock inter-

actions at the vent (Zierenberg et al., 2000) and by syntrophic H2-producers (Adam

and Perner, 2018); carbon can be accessed from CO2 enriched hydrothermal fluid

(Zierenberg et al., 2000). Hydrogenotrophic methanogens can also still metabolise

at extremely low H2 concentrations (Eecke et al., 2012; Topçuoğlu et al., 2016; Weiss

et al., 2016). Examining this from a larger perspective, it has been hypothesised

that hydrothermal vents represent a plausible location for the origin of life (Martin

et al., 2008; Sojo et al., 2016), with H2-oxidation metabolism proposed as one of the

earliest metabolisms (Weiss et al., 2016). Therefore there is a natural progression

from simple H2 metabolism, to the acetyl-CoA pathway (Martin et al., 2008) that

hydrogenotrophic methanogens use to reduce CO2, to methanogens that can use

other pathways that also use the acetyl-CoA pathway (Balch et al., 1979; Whitman

et al., 2006), to then some methanogens adapting to metabolise only organic com-

pounds as life spread away from vents. Methanogens have also been identified as the

basal phylogeny of the archaeal domain (Weiss et al., 2016). If correct, this could

suggest that some hydrogenotrophic methanogens have always been, and continue

to be, adapted to higher temperature, in hydrothermal vent environments.
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Figure 3.10: Reported growth data for methylotrophic methanogens (n = 57) in five categories.
Some strains can grow at an Tmin value of -2.3◦C and one can grow at a molar Tmax value of
70◦C. Not all strains have reported data for temperature tolerance in all five categories. Strain
data was taken from their respective description publication, citations in Table A.3.

Figure 3.11: Reported growth data for acetoclastic methanogens(n = 13) in five categories. Some
strains can grow at an Tmin value of 0◦C and one can grow at a molar Tmax value of 70◦C. Not all
strains have reported data for temperature tolerance in all five categories. Strain data was taken
from their respective description publication, citations in Table A.3.
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Figure 3.12: Reported growth data for H2-dependent methylotrophic methanogens (n = 5) in five
categories. Some strains can grow at an Tmin value of 20◦C and one can grow at a molar Tmax

value of 60◦C. Not all strains have reported data for temperature tolerance in all five categories.
Strain data was taken from their respective description publication, citations in Table A.3.

Are methylotrophic methanogens able to grow at colder temperatures

compared to acetoclastic methanogens? (Hypo: TM02) By growing Methanosarcina

mazei zm-15, which can use both the methylotrophic and the acetoclastic path-

ways, Cao et al. (2014) suggest that methylotrophic methanogens might be better

adapted to cold environments than acetoclastic methanogens. This strain grew

faster on methanol than on acetate at 15◦C and this can be partially attributed to

the favourable thermodynamics of methylotrophic methanogenesis compared to ace-

toclastic methanogenesis. However, they also identified that genes that produced

higher transcripts when methanol was given as a substrate compared to acetate,

which are specific to methylotrophic methanogenesis, conferred better adaptation to

cold environments. Furthermore, they suggest that these transcripts have long 5’ un-

translated regions (UTR), which had been previously identified as a cold-adaptation

method in some bacteria. Genes that produced transcripts for acetate activation

did not show adaptation to the growth temperature and lacked 5’ UTRs. A non-

parametric statistical test identified that there is no significant difference between the
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medians of the Tmins, Topts and Tmaxs of methylotrophic methanogens (14◦C, 35◦C

and 40◦C), acetoclastic methanogens (25◦C, 35.5◦C and 42.5◦C) and methanogens

that use both pathways (15◦C, 38.5◦C and 46◦C). This suggests that there is no sta-

tistical evidence within the growth temperature data to suggest that methylotrophic

methanogens can grow at significantly colder temperatures compared to aceto-

clastic methanogens. However, there are more methylotrophic methanogens (28;

49.1%) that can grow below 20◦C compared to acetoclastic methanogens (5; 35.7%)

and the size of each dataset are unequal, potentially meaning if more acetoclastic

methanogens are described, and at a faster rate than methylotrophic methanogens

are described, then a significant difference could emerge as the confidence that the

numerical difference between the temperatures at each level increases and is less

likely by chance.

Figure 3.13: 1000 randomly generated data points with a Poisson distribution (lambda of 42.2
(Thick line), which is the average of the two values being compared. Dashed lines indicate the
upper (49.1%) and lower (35.7%) values being compared for their similarity and as they both fall
within the values generated can be considered statistically similar.

Can acetoclastic methanogens grow well at high-temperatures? (Hypo:

TM03) The null hypothesis that there are no acetoclastic methanogens that can
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grow at temperatures above 60◦C was not met as there are two strains that are

able to do so. Therefore, this could suggest that acetoclastic methanogens are

not restricted to growing at low to medium temperatures but do not grow well at

high temperature, as was previously suggested (Stams et al., 2019). Acetoclastic

methanogens are restricted to a Tmax of 70◦C. However, the sample size of ace-

toclastic methanogens is relatively small (n = 13) and therefore further data is

required.

3.3.4 Analysing salinity data

Of the 165 described strains, 22 have no NaCl data, 2 have only an NaClmin and

NaClmax and 2 have only an NaClmax and so these data points are removed from

Cleveland dot plots and subsequently are not considered in interpretations made

from them. Mean values reported are divided by the total after removing the number

of missing values (i.e. NaClmax has 29 missing values and is therefore divided by

136).

Is there a significant difference between the five levels of salinity data?

(Hypo: S01) To test the null hypothesis that there is no significant difference

between the five levels of salinity a comparison of means was performed. A Kruskal-

Wallis test determined that there was a significant difference (P < .05) between

some the means of the five levels of salinity data. A pairwise breakdown identified

that NaClmin (mean = 0.13 ± 0.38 M), NaClmax (mean = 0.96 ± 0.87 M) and

NaCloptmax (mean = 0.61 ± 0.56 M) are significantly different (P < .05) to all other

levels. This suggests that strains generally have a large salinity tolerance range,

although the data points for hypersaline strains will affect the NaClmax mean more

than the NaClmin mean as few strains with a high maximum also have a relatively

high minimum. The comparison of means test also showed that the NaCloptmin

(mean = 0.25 ± 0.33 M), NaClopt (mean = 0.34 ± 0.61 M) are not significantly

different from one another (Figure 3.14).

117



Figure 3.14: NaClopt, NaCloptmin form a statistical grouping that are significantly different from
NaCloptmax, NaClmax and NaClmin. Statistical groupings are indicated by letters a to d. Bars
show one standard deviation above and below the mean. However, salinity cannot drop below
zero. The sample size of each group is shown at the top of the plot above each bar.

The mean NaClopt 0.35 ± 0.61 M, which is significantly larger than the USGS

hypersaline boundary (0.17 M; P -value = .0028), and there is a large spread of

data around the mean. Interestingly, the range of the data spread (i.e. 0 M, as

salinity cannot be below zero, to 0.96 M) represents the range of values found in

most aquatic environments, from freshwater (0 M) to brines (> 0.85 M).

Do methanogens prefer low salinity conditions? (Hypo: S02) The mean

NaClopt of all reported NaClopt is 0.35 ± 0.61 M. This might suggest that the most

preferred conditions, on average, for optimum growth are conditions defined as hy-

persaline by the USGS (> .17 M) and therefore would suggest we reject the hy-

pothesis that methanogens prefer low salinity environments. However, outliers for

salinity exist only above the upper interquartile range (Fig. 3.15), suggesting very

few methanogens have requirements for extremely high salt concentrations. Figure

3.16 shows that the mean value is heavily influenced by a few higher data points and

is not the best option to compare to te USGS boundary stated. Instead, the median
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value (0.171116) for NaClopt shows that most methanogens grow optimally at almost

exactly the USGS boundary between moderate to hypersaline. This means it could

still be the case that methanogens are more likely to be adapted to high salinity

conditions compared to low salinity conditions.

Figure 3.15: Molar NaCl data for all five categories that show that data trend towards the lower
salinity values. Thick lines indicate the median value, the box area show the interquartile range
around the media, dashed whiskers show the range of data minus outliers and outliers are indicated
by circles. Dataset size differences result from missing data that was not reported.
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Figure 3.16: A histogram of all NaClopt data divided into 25 bins. The blue line indicates the the
USGS defined boundary between low and moderately saline conditions, the red line indicates the
median value for NaClopt data (as well as the USGS boundary between moderate and hypersaline
conditions) and the black line indicates the mean for NaClopt data. This demonstrates the mean
value is heavily influenced by a few higher data points and that the median is better to compare
with the USGS boundary.

The NaClmin has a much more compressed range than NaClmax, which has the largest

variation in range. Whilst not all strains require salts for growth, the strains that do

require salts usually prefer relatively low concentrations for optimal growth, which

supports the hypothesis that methanogens generally prefer lower salinity environ-

ments (Taubner et al., 2015). This could also demonstrate a key difference between

preferred growing conditions in a laboratory, where optimum values are often used

versus natural environments, where salinity is unlikely to be at the optimum value,

and potentially varies over time.

Do all methanogens require salt for growth? (Hypo: S03) The extremely

halophilic methanogen Methanoatronarchaeum thermophilum (Sorokin et al., 2018)

has the highest NaClmin (3 M). Methanohalobium evestigatum (Zhilina and Zavarzin,

1987a) has the highest NaClopt (4.3 M) and the highest NaClmax (5 M). Only a single

strain (Methanocorpusculum bavaricum; Zellner et al., 1989a) has an NaClmax of 0 M,
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suggesting most methanogens can at least tolerate the presence of salts. However, 29

have an NaClopt of 0 M, suggesting that not all strains require NaCl salts for growth.

Therefore the hypothesis that methanogens require salts for growth (Schlegel and

Müller, 2011) is rejected by the data here.

3.3.5 Other findings witihn the salinity datasets

Salinity data for the four non-optimum levels are not uniformly distributed around

the NaClopt as demonstrated in Figure 3.17 that shows there is an asymmetry around

the NaClopt. There are a large proportion of NaClmin data that are close to zero,

however Figure 3.17 also shows that there are multimodal features in the NaClmin

data, that arise from halophiles and extreme halophiles that have a high NaClmin.

Instead, the NaClmax data are spread much more and most data are far greater than

the median value of NaClopt.
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Figure 3.17: There is a lack of symmetry around the NaClopt data, and there are multimodal
features of NaClmin. Density is given as a ratio and shows the frequency of data points present
at a particular pH. The area under the curve for each of NaClmin and NaClmax are equal, but
NaClmin data are clustered much more closely to zero and below the NaClopt peak, whereas
a large proportion of the NaClmax data are spread across a large range and are much higher
than the NaClopt density peak. The dashed line shows the median value of the variable NaClopt
(0.171116 M, 1QV = 0.0145, 3QV = 0.4153). Sample sizes are the same as given in Figure 3.15.

The average δ salinity range (NaClmax - NaClmin) for the all methanogens that have

a reported NaClmax and NaClmin is 0.88 ± 0.62 M, suggesting that each strain has

a large range of salinity over which it will grow.

Overall, these data suggest that methanogens are not restricted by salinity but are

more likely to be found in low salinity environments. However, there are a few

strains that can only survive and grow in hypersaline conditions. At least one strain

(Methanocorpusculum bavaricum Zellner et al., 1989a) may not tolerate any NaCl,

although this is based on the NaClmax value input in the original database, whereas

the original research simply states that the taxonomic family may tolerate salt, but

has no dependency. Additional, the proportion of sampling sites that are high in

salinity compared to low in salinity might not match the proportion of methanogens

identified as tolerant to high salinity conditions. This may reflect a selection bias,
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however, data regarding the salinity of sampling sites is not available and highlights

the need to contextualise laboratory data with field data.

3.3.6 Analysing salinity for each metabolic category

Hydrogenotrophs (Fig. 3.18), methylotrophs (Fig. 3.19) and acetoclasts (Fig. 3.20)

all feature a large range of salinity tolerance. There are only five H2-dependent

methylotrophs (Fig. 3.21; three shown on plot due to missing data), but these

encompass nearly the full salinity range as Methanomicrococcus blatticola (Sprenger

et al., 2000) has an NaClmin of zero and Methanonatronarchaeum thermophilum has

the second highest NaClmax of all methanogens(4.8 M). Table 3.2 gives the NaClmin,

NaClmax, mean NaClopt (with standard deviation) and median of the NaClopt. Whilst

a significant difference between the mean values of the four metabolic pathways

was suggested by a Kruskal-Wallis test (P = .039), the pairwise breakdown did not

identify any significant P -values between levels of data, suggesting that methanogens

using any pathway can grow optimally at approximately similar NaClopt values.

Table 3.2: Salinity data for each methanogenic metabolic pathway

Metabolism NaClmin (◦C) NaClmax (◦C) NaClopt mean and standard deviation (◦C) NaClopt median (◦C)
HT 0a 3.3b 0.2 ± 0.24 0.1
MT 0c 5d 0.46 ± 0.77 0.21
AC 0e 1.2f 0.1 ± 0.1 0.08
MR 0g 4.8h 1.42 ± 2.23 0.17

HT, hydrogenotrophic; MT, methylotrophic, AC, acetoclastic, MR, H2-dependent methy-
lotrophic
a58 strains, b(Methanocalculus natronophilus; Zhilina et al., 2013)
c20 strains, d(Methanohalobium evestigatum; Zhilina and Zavarzin, 1987a)
eTwo strains, f (Methanosarcina thermophila; Zinder et al., 1985)
g(Methanomicrococcus blatticola; Sprenger et al., 2000), h(Methanonatronarchaeum ther-
mophilum; Sorokin et al., 2018)
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Figure 3.19: Reported growth data for methylotrophic methanogens (n = 54) in five categories.
Some strains can grow at an NaClmin molar value of 0 M and one can grow at a NaClmax molar
value of 5 M. Strains that do not have an optimum value have been removed from this plot. Not
all strains have reported data for molar NaCl tolerance in all five categories. Strain data was taken
from their respective description publication, citations in Table A.3.
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Figure 3.20: Reported growth data for acetoclastic methanogens (n = 10) in five growth categories.
Some strains can grow at an NaClmin molar value of 0 M and one can grow at a NaClmax molar
value of 1.2 M. Not all strains have reported data for molar NaCl tolerance in all five categories.
Strains that do not have an optimum value have been removed from this plot. Strain data was
taken from their respective description publication, citations in Table A.3.
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Figure 3.21: Reported growth data for H2-dependent methylotrophic methanogens (n = 3) in five
categories. Some strains can grow at an NaClmin molar value of 0 M and one can grow at an
NaClmax 4.8 M. Not all strains have reported data for molar NaCl tolerance in all five categories.
Strains that do not have an optimum value have been removed from this plot. Strain data was
taken from their respective description publication, citations in Table A.3.

Can acetoclastic methanogens grow optimally at a high salinity? (Hypo:

S04) The mean NaClopt of all strains that can use the acetoclastic pathway is 0.1

± 0.1 M, the lowest NaClmin is 0 M and highest NaClmax is 1.2 M. Of exclusive

acetoclastic methanogenic strains with a reported NaClopt (n = 2), only one exclu-

sively acetoclastic strain grows optimally at a molarity of above 0.17 M, suggesting

that acetoclastic methanogens are not very well adapted to hypersaline conditions.

The two strains that are exclusively acetoclastic (Methanothrix thermophila and

Methanosaeta pelagica) are the end-members for the acetoclastic NaClopt range (0

to 0.28 M). There are eight strains that are not exclusively acetoclastic but are also

methylotrophic, with seven of those also able to use the hydrogenotrophic pathway.

Of these only two grow optimally above 0.17 M (mean 0.09 M ± 0.08 M), suggest-

ing that methanogens that are able to use multiple pathways might compromise

on adaptability to high-saline conditions, or have never had to adapt to hypersaline

conditions. Altogether, we reject the hypothesis that more acetoclastic methanogens
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grow optimally in hypersaline conditions.

Are methanogens that can grow optimally in hypersaline environments

most likely to be methylotrophic? (Hypo: S05) Only a few strains (n =

8) have an NaClopt above 1 M, of which six are methylotrophs, one is a hydrogen-

dependent methylotroph and another is a hydrogenotroph (Table 3.4). Additionally,

80% of exclusively acetoclastic methanogens grow optimally at or above .17 M, which

is much higher than any other metabolic group, including methanogens that can use

more than one pathway (Table 3.3). This supports the hypothesis that methanogens

found in hypersaline environments are most likely to be methylotrophic, which is it-

self in agreement with known bioenergetics in these environments, where the greater

number of methylotrophs are isolated from (McGenity and Sorokin, 2018).

Table 3.3: Optimal salinity growth statistics for all methanogens compared to methanogens that
grow optimally at or above 0.17 M

Metabolic category n of all methanogens n of methanogens that grow above .17 M % difference
HT 99 39 40
MT 30 24 80
AC 4 1 25
MR 5 2 40
HT & AC 1 0 NA
HT & MT 16 5 31.25
MT & AC 2 1 50
HT & MT & AC 7 1 14.29

HT, hydrogenotrophic; MT, methylotrophic, AC, acetoclastic, MR, H2-dependent methy-
lotrophic

Methylotrophic methanogenesis is the dominant metabolism found in hypersaline en-

vironments (McGenity and Sorokin, 2018). This also suggests that hydrogenotrophic

methanogens are capable of growth in hypersaline environments, however the eco-

logical circumstances of the environment where the singular hyper-halophilic hy-

drogenotroph was isolated from are unknown (Sorokin et al., 2018) and so whether

it has to compete for substrates with sulphate-reducing bacteria is also unknown.

Given all metabolic groupings contain methanogens that have an extremely low min-

imum NaCl requirement and all but one (Acetoclastic) metabolic groupings contain

methanogens that have an extremely high maximum tolerance, this suggests that

adaptation to saline and hypersaline conditions is not limited by metabolism. In-

stead, other non-metabolic related cell physiology must be the limiting factor to
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adaptation to either high, or low, saline environments.

Table 3.4: Optimal growth characteristics for eight strains able to grow optimally above 1 M NaCl

Strain NaClopt (M) Topt (◦C) pHopt Preferred metabolism
Methanocalculus natronophilus 1.40 35 9.5 HT
Methanosalsum natronophilum 1.50 37 9.25 MT
Methanohalophilus halophilus 1.35 31 6.5 MT
Methanohalophilus portucalensis 2.00 40 7.5 MT
Halomethanococcus doii∗ 3.00 36 6.80 MT
Methanohalophilus mahii 2.00 35 7.50 MT
Methanohalobium evestigatum 4.10 50 7.25 MT
Methanonatronarchaeum thermophilum 4.00 50 9.60 H2-MT

HT, hydrogenotrophic; MT, methylotrophic, AC, acetoclastic, MR, H2-dependent methy-
lotrophic
∗ This strain is validly published, but the culture has since been lost and has not been re-
isolated.

Are halophilic strains restricted to certain taxonomical ranks? (Hypo:

S06) A previous hypothesis exists that salt-tolerant and halophilic methanogens

belong exclusively to the order Methanosarcinales or orders containing hydrogen-

dependent methanogens (Söllinger and Urich, 2019). This hypothesis is not sup-

ported by the dataset here. When strains are grouped as per the USGS defined

parameters, and as determined by each strain’s NaClmax, 133 are able to toler-

ate and grow in slightly saline water, 132 in moderately saline water and 124 in

hypersaline water. Of those that can grow in hypersaline water, 74 strains from

7 orders can grow optimally in hypersaline water including strains from orders

other than Methanosarcinales. These orders are Methanobacteriales, Methanomi-

crobiales, Methanococcales and Methanopyrales. Moreover, Methanomicrobiales and

Methanococcales contain strains that have an NaClmin of above 0.17 M meaning they

require hypersaline conditions to grow.

As more strains of methanogens are isolated, cultured and described from saline and

hypersaline environments previous hypotheses can be re-examined and the role salin-

ity plays in the growth kinetics of methanogens should be reassessed accordingly.

Here we show that regularly analysing new methanogen salinity data is crucial to un-

derstanding the current scope of research and which research questions are emerging

in the field.
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3.3.7 Analysing pH data

23 strains do not have a reported pHmin or a pHmax, 93 strains do not have a reported

pHoptmin and 91 strains do not have a reported pHoptmax. All strains have a reported

pHopt. Subsequently, converted pH means have unequal sample sizes.

The converted mean pHopt (mean = 6.59) of all methanogens is slightly acidic, but

with a large range (min = 5.1, max = 9.6; Fig. 3.22), but the median value is

neutral (7, 1QR = 6.7, 3QV = 7.3). The methanogen with the lowest pH tolerance

is Methanosarcina baltica (Von Klein et al., 2002, pHmin = 4) and the methanogen

with the lowest optimal pH value is Methanoregula boonei (Bräuer et al., 2011, pHopt

= 5.1). Four methanogens have the highest pHmax of 10.2 and the highest pHopt

is 9.6 (Methanonatronarchaeum thermophilum; Sorokin et al., 2018). Interestingly,

the four methanogens with the highest pH value (10.2) each represent of a different

metabolic pathway. The mean converted pH of pHmin is 7.6 ± 6.6, and pHmax is 5.3

± 4.9, highlighting the large range of pH methanogens might be grown optimally

in, but that data is largely clustered around a near-neutral pH.
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Figure 3.22: pH data for all five categories are significantly different to each other (P < .001) and
no statistical groupings exist (as denoted by letters a to e). Bars show the mean value of each pH
category. Error bars show the minimum and maximum value in each group as using the standard
deviation is not appropriate for pH data. Sample sizes for each group are given at the base of each
bar. The dashed line shows the mean value of the optimum for the whole dataset (6.57, min = 4,
max = 10.2)

The distribution of pH data is much more uniform and symmetrical around the

mean (Figure 3.23) than the equivalent analysis for either temperature (Fig. 3.7) or

salinity (Figure 3.17). Figure 3.23 shows the density of pH data and demonstrates

the symmetry of the data around the pHopt which suggests that most methanogens

are likely to grow optimally in environments that are at or around neutral pH, but

many will also be adapted to both higher and lower pH.
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Figure 3.23: A symmetry is present for each category of pH data around the pHopt data. Density
is given as a ratio and shows the frequency of data points present at a particular pH. Sample sizes
are the same as given in Figure 3.24. The dashed line shows the median value of the variable pHopt

(7, 1QR = 6.7, 3QV = 7.3)

This is supported by Figure 3.24 that shows there are very few outliers and those

present are mostly within the pHoptmin, pHoptmax and pHopt data and the ranges

for each category are relatively small when outliers are not considered. Therefore,

this suggests that methanogens are much more likely to have a pHopt within a small

range of approximately pH 6 to pH 8. In fact, 152 methanogens (90.48%) have a

pHopt within this range.
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Figure 3.24: pH data for all five categories show a trend for an pHopt condensed to a range of
6 to 8, with very few outliers, whilst the range in which many methanogens can grow is much
larger. Thick lines indicate the median value, shaded areas show the interquartile range around
the median, dashed whiskers show the range of data minus outliers and outliers are indicated by
circles. Dataset size differences result from missing data that were not reported.

Do methanogens prefer to grow optimally at a pH significantly different

to neutral? (Hypo: pH01) The mean optimum H+-ion concentration (2.6 × 10−7

± 7.5 × 10−7 M) of all strains is significantly different (P = .013) from a neutral

pH equivalent H+-ion concentration (1 × 10−7 M), suggesting that methanogens,

on average, grow optimally in slightly acidic conditions. Hydrothermal vents can be

either acidic (5.1 to 5.4; Ding et al., 2005) or alkaline (modelled at a pH value of 11;

Sojo et al., 2016). However, it is challenging to measure in situ pH in high temper-

ature and pressure environments (Sojo et al., 2016) and, therefore, pH is often not

recorded. However, we previously hypothesised that hydrogenotrophic methanogens

that can grow optimally at above 60◦C might be representative of the same pop-

ulation, and optimal growth conditions, of the first methanogens. Therefore, the

optimum pH of this subset might indicate whether methanogens first emerged in

acidic or alkaline conditions. The mean optimum H+-ion concentration for hy-

drogenotrophic methanogens that can grow optimally above 60◦C (3.1 × 10−7 ±
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4.21 × 10−7 M) was significantly lower (more acidic) compared to the neutral pH

equivalent H+-ion concentration (P = .002). Only 21% of these strains can grow

optimally above a pH of 7 and the maximum pHopt is 7.4. However, most of these

same strains (74%) are able to grow at alkaline conditions, with a pHmax of 9.5,

suggesting that methanogens could have been transported to, and colonise, alkaline

vents. This would also explain why methanogens are on average more likely to grow

optimally at slightly acidic pH values. Dissolved CO2 also produces carbonic acid,

which would reduce the pH of a solution, or wet environment. Therefore, the envi-

ronment containing more CO2 would likely favour the emergence of methanogenesis.

3.3.8 Analysing pH for each metabolic category

The hydrogenotrophic (Fig. 3.26), methylotrophic (Fig. 3.27) and acetoclastic

metabolisms (Fig. 3.25) feature strains across a broad range of pH. Methanosarcina

spelaei (Ganzert et al., 2014) can grow on a range of substrates and so features in

all three metabolic categories; it can grow from pH 4.1 to pH 9.9. The lowest pH

value a H+-dependent methylotrophic methanogen is able to grow is 6.8. Table 3.5

gives the pHmin, pHmax (◦C), Converted pHopt mean and pHopt median for all four

metabolisms.

Table 3.5: pH data for each methanogenic metabolic pathway

Metabolism pHmin (◦C) pHmax (◦C) Converted pHopt mean (◦C) pHopt median (◦C)
HT 4.1a 10.2b 6.52 7
MT 4c 10.2d 6.88 7
AC 4.1e 9.9f 6.88 7
MR 6.5g 10.2h 6.98 7.4

HT, hydrogenotrophic; MT, methylotrophic, AC, acetoclastic, MR, H2-dependent methy-
lotrophic
a(Methanococcus aeolicus; ), bTwo strains
c(Methanosarcina baltica; Von Klein et al., 2002), d(Methanosalsum natronophilum; Sorokin
et al., 2015)
e(Methanosarcina spelaei; Ganzert et al., 2014), fTwo strains
g(Methanospaera cuniculi; Biavati et al., 1988), h(Methanonatronarchaeum thermophilum;
Sorokin et al., 2018)

Is there a significant difference between the converted pHopt of metabolic

groups (Hypo: pH02) There is no significant difference between the mean H+-

ion concentration of all four metabolic categories as identified by a non-parametric
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Kruska-Wallis test (Converted means in Table 3.5; P = 0.82). H2-dependent methy-

lotrophic data was omitted (converted pH of 7) due to a small sample size (Fig 3.28).

This suggests that methanogens of all four metabolic pathways are on average likely

to grow optimally in slightly acidic conditions. However, the median value of each

metabolic pathway suggests that the most common pHopt value will be at a neutral

pH.

Figure 3.25: Reported pH growth data for acetoclastic methanogens (n = 14) in five growth
categories. Some strains can grow at a pHmin value of 4.1 and one can grow at a pHmax value of
10.2. Not all strains have reported data for pH tolerance in all five categories. Strain data were
taken from their respective description publication, citations in Table A.3.
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Figure 3.28: Reported pH growth data for H2-dependent methylotrophic methanogens (n = 5) in
five categories. Some strains can grow at a pHmin value of 6.8 and one can grow at a pHmax value
of 10.2. Not all strains have reported data for pH tolerance in all five categories. Strain data were
taken from their respective description publication, citations in Table A.3.
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3.3.9 Analysing specific growth rate data

Specific growth rate expresses the increase in biomass per unit of time during the

exponential phase of growth and is therefore a normalised way to compare the

biomass increase over time across strains. 43 strains did not have a reported specific

growth rate. The minimum reported specific growth rate is 0.002 h−1 and the

maximum is 3.03 h−1, with an average specific growth rate of 0.2147 ± 0.455 h−1.

Correlation analysis of specific growth rate and each of the variables of

Topt, NaClopt and pHopt (Hypo: GR01) The Topt (P < .001, ρ = 0.59; Fig.

3.29), NaClopt (P < .001, ρ = 0.45; Fig. 3.29) and pHopt (P < .001, ρ = -0.18; Fig.

3.29) were each correlated to specific growth rate. Figure 3.29 shows the significant

positive correlation between Topt and growth rate, between NaClopt and growth rate,

as well as the significant negative correlation between pHopt and growth rate. This

suggests that across the whole dataset of all methanogens, where data for both the X

and Y variable are available, that higher temperature increases growth rate, a higher

salinity increases growth rate and a higher pH decreases growth rate. However, as

the lines of best fit indicate, the relationship between each variable pair is not as

simple as that. Instead the line of best fit for Topt and growth rate shows that

the best fit is flat at an extremely low growth rate until approximately 40◦C and

then trends upwards. The trend for NaClopt and growth rate remains flat initially,

before trending upwards between approximately 0.25 M to 0.5 M when the trend

slowly decreases, although, there are few data points at greater than 1 M (removing

these higher data points does not effect the outcome of the statistical analysis). The

trend for pHopt and growth rate has a Poisson distribution curve for data below

approximately a pH value of 7, and a flat trend for data above a pH value of 7. The

trend for Topt and growth rate displays the most logical for interpreting a correlation

as the trend for the other two variables have a cluster of data points on the X-axis

that ranges across the full Y-axis. Whereas, for Topt thermal kinetics control the rate

of growth where higher temperatures increase enzymatic activity until a maximum

temperature reaches a strains Tmax. The better fit for temperature compared to

salinity and pH could reflect that microbial diversity in natural environments is

139



thought to be controlled primarily by temperature (Sharp et al., 2014). However,

our data do suggest that it is important to understand multiple growth categories

and how they each affect the growth rate of individual organisms.

Figure 3.29: The Topt, NaClopt, pHopt data for all methanogens are all significantly correlated
with growth rate. Data were plotted and a Spearman ranked correlation was used to determine if
each variable was correlated with growth rate and a ρ statistic identified that Topt and NaClopt are
positively correlated whereas pHopt is negatively correlated. A LOESS smoothing line of best fit
(with a 95% confidence shading area) was overlaid and shows that the data are not strictly linear
and that makes predicting a growth rate based on any single variable value difficult.

Correlation analysis of specific growth rate and each of the variables of

Topt, NaClopt and pHopt per metabolic category (Hypo: GR02) Correlations

exists between each pair of variables when analysed in terms of metabolic cate-

gories. Figure 3.30 shows the breakdown of growth rate between the variables of

Topt, NaClopt and pHopt per metabolic category and shows that unlike when the whole

dataset is considered, not all variable pairs have a significant correlation. All three

metabolic categories considered (hydrogenotrophic, methylotrophic and acetoclas-

tic) show a significant positive correlation between Topt and growth rate (Fig. 3.30).

The growth rate range of hydrogenotrophs (0.006 h−1 to 3.03h−1) is much larger than

for methylotrophs (0.006h−1 to 0.18h−1) or acetoclasts (0.002h−1 to 0.14h−1). This

potentially reflects the more favourable energetics of hydrogenotrophic methanogen-

esis that yields more energy than either methylotrophic or acetoclastic methanogen-
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esis (Whitman et al., 2006).

Figure 3.30 also highlights the dominance of hydrogenotrophic methanogenesis when

making interpretations from Figure 3.29, as the best fit trend for these data is similar

to the whole dataset best fit trend line. This is due to the larger sample size of the

dataset for hydrogenotrophs and the large proportion of data this represents of the

whole dataset.

Growth rate and NaClopt are not significantly correlated for the acetoclasts. Growth

rate and pH are not significantly correlated for both methylotrophs and acetoclasts.

The best fit trend lines also highlight how few data points are available for the

acetoclasts as there are large variations over the range. The 95% confidence shading

also suggests that there is a greater variation in growth rate across the range of

three variables in methlytrophs and acetoclasts compared to hydrogenotrophs.

The growth rate of an organism is dependent on multiple factors, more so than

simply Topt, NaClopt, pHopt. However, the data here suggest that hydrogenotrophic

methanogens grow at a faster rate than methylotrophic or acetoclastic methanogens,

which is consistent with the favourable energetics of this metabolic pathway com-

pared to other methanogenic pathways (Whitman et al., 2006). It also suggests that

salinity might not an important factor for the rate of growth for acetoclasts and that

pH might not be an important factor for methylotrophs and acetoclasts, compared

to temperature. However, this could also change when more strains that exclusively

use these pathways are discovered, cultured and described.
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Figure 3.30: Hydrogenotrophic methanogen growth rate data are significantly correlated to Topt,
NaClopt pHopt. Whereas, only Topt and NaClopt are significantly correlated to growth rate for
methylotrophs and only Topt is significantly correlated to growth rate for acetoclasts. P -values,
and ρ values where a P -value is significant, are inset on each plot. Lines through data are a best
fit and shading shows 95% confidence of the best fit. Note axis limits differ between plots. Note,
data for a single strain could feature in multiple plots.

There is no significant difference between the growth rate of each metabolic group

(P = .97). H2-dependent methylotrophic methanogen data was omitted due to a

small sample size. However, there are many more hydrogenotrophic methanogens

that have a higher growth rate compared to methanogens in other metabolic groups

(Fig. 3.31). There is a significant difference between the mean specific growth rate

for hydrogenotrophs that can grow optimally above 60◦C compared to the mean

specific growth rate of hydrogenotrophs that cannot grow optimally above 60◦C,

highlighting the link between higher specific growth rate and higher temperature.

142



Figure 3.31: There is no significant difference between the mean values of specific growth rate of
each metabolic group. However, some hydrogenotrophic methanogens clearly have a much higher
growth rate compared to methanogens in other metabolic group, as identified by a number of
outliers present.

3.3.10 G&C content

Due to the triple hydrogen bond of the G&C base pairs there exists a thermal

adaptation hypothesis that states that strains with higher G&C pairs in their genome

are more thermally stable. Fourteen strains do not have a reported G&C content

percentage and therefore are not considered during statistical analysis.

Is there a significant correlation between Topt and G&C content? (Hypo:

GC01) Hurst and Merchant (2001) suggested that the thermal adaptation hypothe-

sis does not apply to genomic DNA by using linear regression to look for covariances

between third codon position G&C content and growth temperature. A note to point

out with this analysis, though, is that when linear regression is used it suggests a

causal relationship between two variables, but neither variable is dependent in this

context. This is because methanogens are grown under different temperature con-

ditions, hence five growth categories for temperature are reported when describing

a species (but any temperature within the Tmin and Tmax may be chosen to grow a
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strain), but G&C content does not change for an individual strain when temperature

is altered. Similarly, it is not possible to alter the G&C of an individual strain to

potentially change the temperature growth range of a strain. Therefore a correlation

test is more appropriate in this context, which does not assume a causal relationship

between variables. Figure 3.32 demonstrates that there is a statistically significant,

slightly negative correlation (P = .04, ρ = -0.17) between G&C content and Topt of

methanogens when a Spearman’s rank correlation test is applied.

Figure 3.32: G&C content is positively correlated with Topt (P = .04, ρ = 0.17). Tmax is used
for the colour scale bar. Data points without a Tmax are shown in grey. A grey box contains
data-points that are both thermophilic and have a G&C content of less than 36%.

Is there a significant correlation between Tmax and G&C content? (Hypo:

GC02) The same relationship is true when Tmax data is used instead of Topt (plot

not shown; P = .02, ρ = -0.19). This suggests that the thermal adaptation hypoth-

esis is not supported by genomic G&C content data in methanogens and in fact

the opposite of the thermal adaptation hypothesis may apply to methanogens. In

addition, Figure 3.32 shows a cluster of data points of thermophilic and hyperther-

mophilic methanogens with a G&C content of 36% or lower. It is not known what

mechanisms enable this cluster to exist.

One possible explanation for why methanogen data does not fit the thermal adapta-
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tion hypothesis could be that the G&C content in RNA is much more important to

thermal stability than G&C content in DNA (Hurst and Merchant, 2001). However,

it has been suggested that this might only be the case in hyperthermophiles and not

in psychrophiles or mesophiles, or even thermophiles (Saunders, 2003).

Is there is significant correlation between Topt and G&C content for each

taxonomical family rank? (Hypo: GC03) Musto et al. (2004) agree that

when a whole dataset of various microbes G&C content and Topt is used there is

no relationship for either bacteria and archaea. However, they had limited suc-

cess in demonstrating that when data are subsetted by taxonomic family groups

that patterns emerge between the two variables. Nine of twenty families they se-

lected for analysis had a significant correlation including the methanogenic family

Methanobacteriaceae (P < .05, correlation coefficient = 0.57; taken from (Musto

et al., 2004)).

We conducted a Spearman’s ranked correlation test for each methanogenic taxo-

nomic family (n = 16). Figure 3.33 shows the same data presented in Figure 3.32,

however it has been colour coded per family and shows that only one methanogenic

family has a significant correlation between G&C content and Topt (P = .001, ρ =

0.47). This causes us to reject the family-linked hypothesis presented in Musto et al.

(2004), however the only methanogenic family used in their analysis is also the only

significantly correlated family group found in the data presented here. One explana-

tion could be the choice of statistical tests chosen in Musto et al. (2004). Pearson’s

correlation tests assume normally distributed data and no information about their

dataset meeting the assumptions of a Pearson’s test appears in Musto et al. (2004).

If any of the family subsets of data were not normally distributed (as is the case for

all of our subsetted data for families), then a non-parametric equivalent should have

been applied. When the incorrect correlation test is used it could provide a type-1

error, leading to potential misinterpretation of the data. Another explanation could

be that many of the family subsets of data used for Figure 3.33 have a very low

sample size (below 10 data points) that is not entirely appropriate for correlation

statistical analysis. Therefore, a dataset for three families (Methanobacteriaceae,
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Methanomicrobiaceae and Methanosarcinaceae) with a sample size larger than 10

was created (that contains approximately 64% of the total data) and a Spearman’s

ranked correlation test was conducted, which also suggested there is no correlation

between Topt and G&C content (P > .05, n = 105). With more data, when new

strains are described, it is not implausible that statistically significant correlations

between Topt and G&C content for each taxonomic family appear.

Figure 3.33 also shows that the thermophiles with a G&C content of less than

36% belong to only three families, two of which are exclusive to the region high-

lighted with a grey box in Figure 3.32, Methanocaldococcaceae, Methanococcaceae

and Methanothermaceae.

Figure 3.33: Only the G&C content for the family methanobacteriaceae is correlated with Topt

(P < .001, rho = 0.47, n = 45). Correlation statistics (P -value and where P was significant the
corresponding ρ(rho)) and sample size are given in the figure legend along with the family name
and its respective colour. Where correlations statistics are not given, the sample size was 1 and
therefore a correlation test was not carried out. Lines are determined by the native linear regression
(”lm”) function in the ggplot2 package in R, however the underlying statistics are not reported
and the line should be used as a visual guide only to determine the general trend. However, for
subset of data where the P -value was non-significant, the trend seen is due only to chance.

Is there a significant correlation for the same analyses when applied to

methanotrophic data? (Hypo: GC04) Methanotrophs are a group of bacterial
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strains that obligately use methane, and sometimes also methanol, as a carbon

and energy source (Kalyuzhnaya et al., 2018). They posses the Wood-Ljungdhal

metabolic pathway and therefore share a set of highly conserved genes in their

genome with methanogens and therefore their G&C content is useful to compare

with the G&C content of methanogens.

Methanotrophs G&C content and Topt shows that there is a positive correlation (P

= .001, ρ = 0.39; Fig. 3.34) between the two variables, which is contrary to find-

ings in methanogens but supports the general thermal adaptation hypothesis for

methanotrophs. However, most methanotrophs belong to a single taxonomic family

(Methylococcaceae) and therefore this may be a reflection of the family level corre-

lation proposed by Musto et al. (2004) instead (Fig. 3.35). There are five methan-

otrophic families (only four shown in Figure 3.35 as for the fifth (Crenotrichaceae),

data were unavailable) and one strain that is unassigned at that taxonomic level.

Two of the four families do show a positive correlation (Fig. 3.35) that also suggests

that correlations between Topt and G&C content are more prevalent and likely at

the family level, than across a whole dataset.

Figure 3.34: G&C content and Topt for methanotrophs are correlation (P < .001, ρ = 0.39).
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Figure 3.35: The G&C content and Topt for two families of methanotrophs are correlated. Correla-
tion statistics (P -value and where P was significant the corresponding ρ(rho)) and sample size are
given in the figure legend along with the family name and its respective colour. Where correlations
statistics are not given the sample size was 1 and therefore a correlation test was not carried out.
Lines are determined by the native linear regression (”lm”) function in the ggplot2 package in R,
however the underlying statistics are not reported and the line should be used as a visual guide
only to determine the general trend.

Is there a significant difference between the mean G&C content of each

metabolic category? (Hypo: GC05) There is no significant difference between

the mean G&C content percentage of each metabolic category (Table 3.6; P = .541).

The mean G&C content percentage for each metabolic category is below 50%, which

suggests that the highly conserved metabolic genes for all pathways do not require an

increase in triple hydrogen-bonding nucleotides to be stable at higher temperature.

Table 3.6: G&C content data for each methanogenic metabolic pathway

Metabolism G&C content mean ± standard deviation
(%)

HT 43.2 ± 10.77
MT 43.3 ± 7
AC 44.17 ± 7
MR 37.13 ± 16.44

HT, hydrogenotrophic; MT, methylotrophic; AC, acetoclastic; MR, H2-dependent methy-
lotrophic.
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Is the mean G&C content of hydrogenotrophic methanogens that can

grow optimally above 60◦C significantly different from the mean G&C

content of all methanogens? (Hypo: GC06)

The mean G&C content percentage of hydrogenotrophic methanogens that can grow

optimally above 60◦C (39.30 ± 10.82%) is not significantly different from the mean

G&C content value for the whole dataset (43.17 ± 9.99%; P = .086). This supports

the hypothesis that adaptability to high temperature and G&C content of DNA are

not related and does not support the thermal adaptation hypothesis. This might

also suggest that metabolic genes do not require the stability provided by G&C

bonding to higher temperature in methanogens.

3.3.11 Methanogens on Mars

As mentioned in section 1.4.4, methane has been putatively detected on Mars.

Therefore, understanding the parameters for microbial methanogenesis on Earth

is important for contextualising methane sources on Mars.

Previous research shows that methanogens found in permafrost environments are

able to withstand putative martian conditions such as thermo-physical, radiation

and water availability (Morozova and Wagner, 2007; Morozova et al., 2007; Ser-

rano et al., 2014). In particular Methanosarcina soligelidi, which was isolated from

Siberian permafrost (Wagner et al., 2013), has become a model organism for sur-

vival in martian surface conditions. Interestingly, there are 38 other strains that can

grow within the parameters of the maximum and minimum of the three variables

of temperature, salinity and pH. However, there are no other strains that can grow

within a much more constrained range of ± 5◦C of its Topt (28◦C), ± 0.5 of its pHopt

and from 0.01 M and 0.07 M (its NaClopt is 0.02 M). A consistent temperature of

28◦C is not possible on the surface of Mars. More important then, is this strain’s

ability to grow over a large temperature range (Tmin of 0◦C and Tmax of 54◦C).

There are four strains capable of growing in this temperature range as well as the

constrained ranges given above for NaCl and pH, however, all of their Tmin values
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are 28◦C and therefore they would unlikely be suited to the freeze-thaw cycles of

permafrost and the martian surface, as freeze-thawing is a molecular technique to

destroy cell membranes to extract intracellular components. This suggests that the

physiological adaptions of Methanosarcina soligelidi are uniquely suited to puta-

tive surface Martian conditions, including resistance to freeze-thaw cycles (Wagner

et al., 2013). However, any surface, or near-surface, environment is exposed to the

atmosphere and the incoming radiation and so a methanogen would need to possess

other biochemical characteristics to survive and grow on the martian surface.

The lack of described strains that are able to survive the putative martian sur-

face conditions given, as well as radiation (Dartnell et al., 2007a), suggest that

methanogens, if present, will be in refuges in the subsurface of Mars, from where

gases are diffused or advected through the regolith column and outgas into the mar-

tian atmosphere (Stevens et al., 2013, 2015, 2017; Holmes et al., 2017; Oehler and

Etiope, 2017).

Whilst Wet Chemistry Lab (an instrument abaord the Phoenix Mars lander) ex-

periments identified that solution containing martian regolith from the surface has

been measured at slightly alkaline (pH of 7.7 ± 0.5) (Hecht et al., 2009), this only

represents a single location on Mars (Phoenix lander site in the Vastitas Borealis)

and is not representative of the subsurface of Mars. There is evidence to suggest that

martian water has been acidic in its past, as jarosite minerals have been detected

that can only precipitate out of acidic solutions (Squyres and Knoll, 2005). The

presence of carbonates, however, suggests that the water in some regions must have

remained neutral to alkaline as acidic water dissolves carbonates present (Ehlmann

et al., 2008). More likely, though, is that pH was, and is, varied on Mars with both

acidic and alkaline pH solutions present simultaneously in different environments of

Mars (Niles et al., 2013). It is generally thought that any pH is reasonably plausi-

ble in the understudied martian subsurface (King and McSween, 2005). Therefore,

based on the range of pH that methanogens on Earth grow in, there is not expected

to be any limiting factor for putative martian methanogens as long as pH is within

the upper and lower limits reported here.
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Martian brine chemistries that aim to simulate putative subsurface water environ-

ments on Mars (e.g. Orosei et al., 2018) are designed to reflect solutions that are

not dominated by NaCl salts (Stevens et al., 2019). Brines are either designed to

favour magnesium chloride, magnesium sulphate, ferrous sulphate, potassium chlo-

ride, potassium bicarbonate or magnesium perchlorate salts (Stevens et al., 2019).

As with pH, and all variables, the salt concentrations of subsurface Mars are under-

studied, as is the water to rock ratio that would also influence the concentration of

salts dissolved into transient water.

3.3.12 Limitations of this investigation

The analysis in this study is limited to type strains of methanogens and is reliant on

the full and complete description of the strains. Using type-strain data for this study

only provides a single data point for each strain, whereas there are many reference

strains for most methanogens, some of which are isolated in a different geographical

location or in different types of environments from the type strain.

In addition there are many strains of methanogens that have not yet been described

because of difficulties with culturing strains. These may well represent new lineages

at any taxonomical level, as well as feature interesting methanogenic sub-pathways

or unique pathways altogether.

This chapter substantially updates the original findings of the first database (Jab loński

et al., 2015) by including more data and expanding on the statistical analysis. It

also contextualises the data in terms of growing methanogens in optimal conditions,

and the potential for their survival and growth on Mars. This analysis has confirmed

or challenged some existing hypotheses, as well as identifying new hypotheses.

3.4 Summary of results

� In order to make useful comparisons between laboratory based data when

an organism is grown and environmental conditions from which an organism
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was isolated contextual, environmental, data should be collected from the

environment. This data is missing for almost all isolated methanogens.

� Most strains of methanogens grow optimally between 20◦C and 39◦C, but some

strains can grow at or around temperatures as low as 0◦ and some can grow at

temperatures as high as 110◦C. Methanogens have, on average, a larger range

of temperature they can grow at from their Topt to their Tmin compared to

from their Topt to their Tmax. This supports the general microbial thermoki-

netic hypothesis that methanogens are under generally under less stress at

lower temperatures compared to higher temperatures. Whilst data suggests

that methanogens are capable of growing in low temperature environments,

the data also suggests that they are more likely to grow better in warmer tem-

peratures and any methanogens found in low temperature environments were

potentially transferred there relatively recently (since the emergence of rumi-

nants; ∼50 mya). Methanogens that are able to grow optimally at extremely

high temperatures (over 70◦C) are most likely to use the hydrogenotrophic

pathway, and are potentially very similar to the earliest methanogens that

might have arisen from the last universal common ancestor in a hydrothermal

environment. Among the other metabolic pathways, non-hydrogenotrophic

methanogens are not able to grow at extremely high temperatures. However,

there is statistically no difference between the mean Topt of hydrogenotrophic,

methylotrophic and acetoclastic methanogens.

� Many methanogenic strains are missing details about their salinity tolerance

limits and these data should be added to the database once available.

� Reporting arbitrary values for what is termed as the minimum optimum and

maximum optimum is not practically useful and a potentially misleading use

of words.

� The mean and standard deviation of NaClopt suggests that methanogens are

highly associated with liquid environments. The mean NaClopt is also signifi-

cantly higher than the boundary conditions for saline and hypersaline condi-

tions, according to the USGS definitions. Despite this, with the exception of a
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few hyper-halophiles, methanogens probably prefer low salinity environments.

However, more data and analysis is required. Not all methanogens require salt

for growth, and one strain might not grow with the presence of salt.

� Salinity tolerance is not metabolically or taxonomically restricted, although

acetoclastic methanogens are not likely to grow in hypersaline conditions and

not every taxonomical rank features strains that can tolerate high salt condi-

tions. We also statistically support that methylotrophs are more like to grow in

saline conditions compared to hydrogenotrophic or acetoclastic methanogens.

� Many methanogenic strains are missing details about their pH tolerance limits

and these data should be added to the database once available.

� The converted pHopt mean suggests that methanogens are more likely to grow

optimally in a slightly acidic conditions. However, methanogens are able

to across a large range with some able to grow at a pH of 4 and some

strains able to grow at a pH of 10.2. Methanogens pH tolerance is not

metabolically restricted, suggesting that tolerance is not determined by adap-

tations to the metabolic pathways. However, given the previous hypothesis

that methanogens that grow optimally above 60◦C might be representative of

original methanogens in hydrothermal vent locations, then we conclude that

these methanogens represent the starting point for adaptation to pH in those

same environments. However, there is no difference between the mean pH

of hydrogenotrophic, methylotrophic and acetoclastic methanogens converted

pHopt. Recording the pHoptmin and pHoptmax is statistically useful.

� There is a large range of specific growth rate from 0.002 h−1 to 3.03 h−1. The

variables of Topt, NaClopt and pHopt are all correlated with growth rate. How-

ever, the data suggest there is a better fit for the correlation between Topt and

growth rate compared to NaClopt and pHopt with growth rate, suggesting that

temperature has the greatest effect on a strains growth rate. hydrogenotrophic

methanogens are the only metabolic group whose data correlate growth rate

with Topt, NaClopt and pHopt.
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� Methanogens G&C content data does not support the thermal adaptation

hypothesis. Additionally a taxonomic family-linked G&C content hypothesis

previously proposed for archaea was rejected here. Three thermophilic families

of methanogens contain strains with unusually low G&C content. However,

a comparison with methanotrophs, closely related methane-oxidising bacteria

that do support the thermal adaptation hypothesis as well as offer more sup-

port of the family-linked G&C hypothesis, suggests that methanogens may

use different adaptations to high temperature when required. Neither hy-

drogenotrophic, methylotrophic or acetoclastic methanogens have a signifi-

cantly differently G&C content mean.

� Methanosarcina soligelidi was identified as an ideal model organism for Mars.
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Chapter 4

Development of a manifold

experiment to simulate the

martian subsurface

thermo-physical environment

4.1 Introduction

As discussed in Chapter 1, CH4 has been tentatively detected in the atmosphere of

Mars. A potential source of that CH4 could be microbial methanogenesis occurring

within the subsurface. As well as liquid water and the common CHNOPS elements,

any methanogens present in the subsurface of Mars will also require favourable tem-

perature and pressure conditions to survive and grow. In addition, and fundamental

to the hypothesis that subsurface methanogens produce the CH4 detected in the

atmosphere of Mars, the temperature and pressure range must not inhibit methano-

genesis. Previous attempts to simulate the conditions of Mars for growing microbes

(including methanogens; discussed in detail in section 1.6) has either focused on

surface conditions (e.g. Schuerger et al., 2003; Olsson-Francis and Cockell, 2010;

Schuerger et al., 2012; Schirmack et al., 2015; Olsson-Francis et al., 2018; Serrano

et al., 2019) or on extremely deep subsurface conditions (Takai et al., 2008; Sinha,
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2016). These are both unlikely locations for methanogenesis to occur on Mars. In-

stead, microbial methanogenesis is much more likely to occur in the near-surface

subsurface (Stevens et al., 2015, 2017).

Pressure, temperature and depth are intrinsically linked, with both pressure and

temperature increasing at greater depths (Jones et al., 2011). The upper boundary

conditions for both are that of the surface, although any near subsurface environ-

ment that is still connected to the atmosphere is expected to remain at atmospheric

pressure and close to atmospheric temperature.

Chapter 3 gives the constrained range of temperatures at which methanogens are

able to grow at (-2.3◦C (Singh et al., 2005) to 110◦C (Kurr et al., 1991)). However,

Takai et al. (2008) were able to grow Methanopyrus kandleri at 122◦C when hydro-

static pressure was increased. This suggests that methanogens may not only be able

to survive and grow at higher pressure, but metabolic activity might also increase.

To a depth of approximately 1 km, the upper temperature of subsurface Mars has

been modelled at a theoretical maximum of approximately 55◦C.

This chapter presents the design of a custom-built apparatus that aims to simu-

late the near subsurface of Mars, which is disconnected from the surface and its

temperature and pressure conditions. A particular emphasis was to focus on an

experiment design that captures evidence of the activity of methanogens during

exposure to these conditions. Another study has shown that 80 hydrogenotrophic

methanogens can grow at 1 bar overpressure (Mauerhofer et al., 2021) using a cus-

tom designed manifold (Pappenreiter et al., 2019). However, these experiments do

not attempt to grow Methanoculleus marisnigri at higher pressure, although 14 hy-

drogenotrophic methanogens were grown at pressures up to 50 bar and methanogen-

esis was confirmed during the experiments using the coupling of a drop in pressure

with methanogenesis due to stoichiometry. They do not grow any strain at 60 bar,

they do not quantify CH4 as a function of time to determine potential difference in

the dynamics of growth compared to positive controls and they do not explore their

data in the context of Mars.

The data here could be coupled to data from models that predict the transportation
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of CH4 in the subsurface of Mars (Stevens et al., 2013, 2015, 2017) as well as atmo-

spheric CH4 abundance data (See section 1.4.4) as the aim is to directly quantify

CH4 in the headspace of experiments.

4.2 Impact of Covid-19, and other factors, on this

data chapter

The original experimental design included growing Methanoculleus marisnigri at

three temperatures (15◦C, 25◦C and 35◦C) and at four pressures (1 bar - as a con-

trol, 10 bar, 30 bar and 60 bar). Instead, these were scaled down to growing this

strain at 25◦C and at pressures of both 1 bar and 60 bar. This allowed for the

fundamental hypothesis to be tested that the temperature and pressure conditions

of the upper kilometre of the martian subsurface will not inhibit methanogenesis

by a hydrogenotrophic methanogen, but maximised the potential yield of CH4 by

growing it at the optimum temperature and tested this organism at the two pressure

parameter end members.

Due to delays incurred by Covid-19, as well as other factors such as laboratory

construction work and the presence of traces of O2 in high-pressure N2 gas cylinders

used for the experiment, it was not possible to complete a full experiment and

successfully grow the intended methanogen.

Instead, presented here are the initial experiments, that were conducted before the

unwanted presence of O2 was identified as an issue. These experiments lasted for the

full intended duration of the experiment and included inoculated medium, but did

not produce data that answered the proposed science question. However, presented

here are the outcomes of the construction of the manifold, that ultimately functioned

as designed and therefore represents a novel method for growing methanogens at high

pressure. We also present data suggesting that this strain of methanogen was able to

survive for longer than anticipated in aerobic conditions, based on previous studies

that suggest methanogens can only survive a few hours in such conditions (McAllis-
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ter and Kral, 2006). In addition, presented here are data related to diagnosing the

O2 contamination issue that was identified as the likely cause of the oxygenation of

the medium. As methanogens are strict anaerobes (Balch et al., 1979) the presence

of even a small concentration of O2 is toxic and quickly results in cell death (McAl-

lister and Kral, 2006). The potential implications of micro-aeration of potential

methanogenic environments in the subsurface of Mars are also discussed.

4.3 Methods

4.3.1 Methanogen

Initially, the manifold experiment was designed to run at three Mars relevant tem-

peratures (25◦C, as well as ± 10◦C). Other than Methanoculleus marisnigri, another

38 strains that are also exclusively hydrogenotrophic, grow optimally between 25◦C

and 40◦C, with a minimum growth temperature of 15◦C and a maximum growth

temperature of 50◦C, have been described (see Section 3 for details). However,

Methanoculleus marisnigri was familiar to others in the research group and was

confirmed not to form clumps and hence was able to be counted under microscope.

A discussion of strains that were initially considered, and grown, for use in this ex-

periment but were subsequently de-selected can be found in the Appendix (Section

A.1.1).

The methanogen chosen for this experiment was Methanoculleus marisnigri (Romesser

et al., 1979, details on growth parameters are shown in Table 4.1). It was grown as

described in chapter 2.

Table 4.1: Methanoculleus marisnigri growth parameters

Variable Parameters
min min opt opt max opt max

Temperature (◦C) 15 20 25 25 48
Salinity (M of NaCl) 0 0.1 0.115 0.115 0.69
pH 6 6.2 6.5 6.6 7.6

This strain was chosen as it has a specific growth rate (0.069 h−1) that made it
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conducive to growing fast enough to fit within a time frame that was practical for a

series of experiments within the time available, whilst also growing at temperatures

predicted to be found in the upper kilometre of the martian subsurface (Jones et al.,

2011). The strain chosen was able to reach maximum growth, indicative of the

exponential phase of growth, in optimal conditions within two weeks of inoculation

with a starting cell concentration of approximately 107 cells mL−1 and therefore an

experimental runtime of 5 weeks was chosen to account for a potential delay in the

onset of exponential growth, and potential slower growth, caused by the increased

pressure in high-pressures.

4.3.2 Manifold design

A manifold was designed to fulfil a number of experiment requirements:

� Capable of being sterilised in an autoclave

� Contain a liquid sample and a gas sample simultaneously, whilst also allowing

for the flow through of gas, at the same time as holding a liquid sample

� Function at putative martian subsurface temperatures of the upper kilometre

� Have an internal temperature that matches the desired experimental temper-

atures

� Hold an internal pressure conducive to martian subsurface pressures in the

upper kilometre

� The gas phase must be able to be periodically sampled without affecting the

continuation of the experiment

� Ability to be re-charged after each gas sampling to the desired experimental

pressure without affecting the continuation of the experiment

� Sized appropriately to fit into an incubator of fixed dimensions

� Allow for multiple replicates to be run simultaneously
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Many existing apparatus are not able to fulfil most of these requirements. High-

pressure reactor vessels can actively control temperature and pressure but sampling

the gas phase would render the experiment terminated (e.g. Takai et al., 2008; Sinha,

2016). An advantage of the manifold designed here is that multiple replicates can be

run simultaneously, whereas high-pressure reaction vessels are very expensive and

therefore often very few replicates can be run simultaneously.

Construction and Components

Double-ended 316 stainless-steel sample containers (SSSCs; Swagelok®, SS-4CD-

TW-50) with an internal volume of 50 mL were selected as the growth vessel, which

is designed to contain liquids and gases (Figure 4.1, c). SSSCs have a maximum

operating pressure of 68.9 bar and can operate at a maximum temperature of ap-

proximately 454◦C whilst operating at maximum pressure. Each SSSC was flanked

with a 316 stainless steel quarter turn instrument plug valve (valve; Swagelok®,

SS-6P4T; Figure 4.1, b and d) followed by a small length of 316 stainless steel

tubing (tube/tubing; Swagelok®, SS-T6-S-035-6ME, tube outer diameter 3/8 of an

inch (approximately 9.5 mm) and tube wall thickness 0.035 inches (approximately

0.89 mm); Figure 4.1, a and e). All stainless steel tubing was cut to length using

a tube cutter (Swagelok®, MS-TC-308) and deburred using a tube deburring tool

(Swagelok®, MS-TDT-24). On the terminal end of the manifold another valve was

present (Figure 4.1, f). These components combined are termed the manifold arm

(Figure 4.1).

Figure 4.1: A manifold arm detached from the manifold frame. Red arrow, direction of flow of
gas from the manifold frame; Orange arrow, direction of outflow to atmosphere (or to a gas bag or
extraction hose, if attached); a, inlet tube (manifold arm attaches to manifold at this point); b, d
and f, quarter-turn valves (valves) in their open position; c, 50 mL stainless steel sample container
(SSSC; contains the liquid and gas sample during experiments); e, sample tube, which contains
the gas aliquot to be sampled when valve d is open.
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Each manifold arm was attached to a manifold frame that was constructed with

tubing, 316 stainless steel union tees (Swagelok®, SS-600-3) and 316 stainless steel

union elbows (Swagelok®, SS-600-9). Tube bending was performed using a hand

tube bender (Swagelok®, MS-HTB-6T). Six manifold arms were attached to a man-

ifold frame (Figure 4.3).

The manifold frame also had an inlet and outlet arm that is where external connec-

tions were made to input and output gases (this does not include gas sampling of the

headspace of SSSCs), and to attached a pressure gauge (WIKA 7075741, analogue

16 bar; WIKA 9626935, analogue 100 bar). A series of tubing, union tees and valves

were used to control the flow of gases in this portion of the manifold.

Figure 4.2: Top-down view of the manifold inlet/outlet arm (shown attached to manifold, which
is blurred out). The inlet valve (red arrow) is used to introduce gas into the manifold, and outlet
valves (orange arrows) are used to extract unwanted gas from the manifold and to attach a pressure
gauge.

The final design has six manifold arms and one inlet/outlet arm attached to a

manifold frame (Figure 4.3). Two manifolds were constructed allowing for twelve

experiments to run concurrently. On each manifold three SSSCs inline on one side

of the manifold were used for negative (abiotic) controls and the remaining three

were used for experimental (biotic) samples.
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Figure 4.3: Fully constructed, and labelled, manifold with six manifold arms attached to the
manifold frame. The inlet/outlet arm is also attached

4.3.3 Preliminary studies

In order to ensure that the manifold could fulfil some of the requirements given in

Section 4.3.2, some preliminary studies were conducted. These included ensuring

that the stainless steel could equilibrate to, and conduct, the temperature chosen

for the experiment within a short time frame and that the manifold could hold the

desired pressure, without measurable leakage over time. Whether or not stainless

steel being contact with the growth medium was inhibitor to methanogenesis was

also tested.

Temperature

The temperature of the internal environment of the SSSCs was indirectly deter-

mined by the temperature of the stainless steel the container was constructed from,

that was in turn controlled by the temperature of the external environment. During
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experiments an incubator (LEEC incubator) set to the experimental temperature

determined the external temperature. Therefore, how long it took for the tem-

perature of the stainless steel to reach the external temperature was important to

determine to ensure that the lag time for the internal temperature to transition from

room temperature to the desired temperature was as short as possible.

To test the thermal equilibrium time of the SSSCs an oven (CTS, T - 40/25) set to

one of the experimental temperatures was used (note that this test was completed

when three experiment temperatures were part of the experiment design). The

oven possessed a porthole that can be plugged with a rubber stopper. A type-

k thermocouple was taped (using Kapton tape; resistant to temperatures of up

to 400 ◦C) to the outside of an SSSC that had been left to equilibrate to room

temperature. The SSSC was placed in the incubator through the porthole to allow

the thermocouple wire to trail outside the incubator. The thermocouple wire was

placed into a data logger (Pico Technology, TC-08), and software (Pico Technology,

Picolog 6) was set to record the temperature every second. The porthole was then

sealed.

After approximately 1 hour the SSSC was removed from the incubator and the ther-

mocouple removed. The SSSC was then allowed to equilibrate to room temperature

before the next test was started. Each temperature was tested in triplicate and

showed that the time it took for the temperature of the stainless steel, the main

barrier between the controlled external temperature and the passive internal tem-

perature, to equilibrate to the experiment temperature is short (within ∼30 minutes;

Figure 4.4) compared to the length of the experiment (∼5 weeks). This ensured that

there was confidence that the internal temperature of the SSSCs reaches the targeted

experimental temperature.
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Figure 4.4: Equilibration time of stainless steel to reach experimental temperature. Thick lines
show the average of independent replicates and shading represents ± 1 standard deviation (n =
3).

Pressure

Before experiments were conducted, the components used to construct the manifold

were tested to ensure that they hold the desired pressure. The manifolds were

pressurised to 60 bar and left for a few days to confirm that the components were

gas-tight as designed. Daily visual inspection confirmed that the manifold held a

pressure of 60 bar. However, as the manifold is partially dismantled at the end of

each experiment, this approach was unfeasible to conduct before each experiment.

Therefore, a confirmatory test that the manifold was not leaking during the setup

of each experiment, using a leak-detection solution (Swagelok® Snoop® solution,

e.g. MS-SNOOP-8OZ), was employed during each set up. If a leak was detected, it

was rectified before conducting an experiment.
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Stainless steel inhibition experiments

A difference between growing methanogens in serum vials versus in SSSCs is the

contact between the medium and stainless steel in the SSSCs. Initially stainless

steel inhibition was tested for the strain Methanobacterium subterraneum, but this

strain was deselected and the experiment stopped (see section A.1.1). Instead, the

experiment was then run using the correct strain (Methanoculleus marisnigri).

A piece of 316 stainless steel tubing was added into four serum vials that also

contained 10 mL of medium as described in Section 2 with a 1 mL aliquot of

Methanoculleus marisnigri at a cell concentration of ∼107. Three replicates were

run with stainless steel and cells, one replicate was run with stainless steel but no

cells and positive and negative controls were also run in triplicate (inset of Figure

4.5. These controls were the same controls that were run for manifold experiment

two, as they were run concurrently.

Figure 4.5: Stainless steel inhibition experiment serum vials during the incubation period (21 days).
a, b and c; triplicate of positive stainless steel inhibition experiments. a remained anaerobic, but
b and c became aerobic and the cultures failed. d; negative control with stainless steel present.

4.3.4 Manifold experiment setup

The following setup procedure was the final set of protocols developed after initial

testing, first set of experiments and post-experiment testing had occurred. Where

the tests and first experiments differ from the setup procedure given below, the
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alternative procedure is given in the respective section.

Sterilisation

The manifold arms and the manifold frame and inlet arm were placed inside an

autoclave bag with all valves open and all previous medium (if present) washed out

of the SSSCs. They were then autoclaved in a large autoclave (Astell, Sidcup, UK)

at 121◦C for 15 minutes. Once sterile, they were left to dry in a heated drying

cupboard until ready to use.

Achieving initial anaerobic conditions in SSSCs

To achieve initial anaerobic conditions in the manifold arms, which were detached

from the manifold frame, they were purged using N2 (BOC, UK) after sterilisation

but before having medium placed within them to ensure that there was no ambi-

ent air present that could affect the redox value of the medium. An N2 cylinder,

regulated to a pressure of approximately 10 bar was attached the inlet side of one

manifold arm (Figure 4.1, Red arrow). An extraction hose was attached to the

terminal end of the manifold arm (Figure 4.1, Orange arrow) and a dedicated ex-

traction system to vent gases into the atmosphere. Purging began with all valves set

to their open position. All valves on the manifold arm were then opened and closed

ten times while N2 was flowing through to ensure that any ambient air present in

the small spaces within the apparatus was also purged. Purging was then continued

for a further 30 seconds, then valves were closed in reverse order to the gas flow.

This replaced the ambient air with N2 in each SSSC and adjoining tubing. This

procedure was replaced for each manifold arm. SSSCs were then placed into an

anaerobic chamber ready to be used.

Whilst ultimately anaerobic conditions were not maintained for the duration of

experiments in all SSSCs due to other factors, the procedure described here, to

achieve initial anaerobic conditions, worked and was confirmed by testing if the

medium was anaerobic after this part of the setup procedure as indicated by the

166



redox indicator, resazurin.

Introducing the medium into SSSCs

Media was produced as per section 2.2.3. Media was decanted into two serum vials

(70 mL), one was inoculated to give a final concentration of approximately 107 to

108 cells mL−1, whilst the other was left abiotic. Triplicate positive controls were

also run in parallel in serum vials (10 mL). Negative controls containing no cells

were also run in parallel in serum vials. Production of these two 70 mL serum vials

was completed no more than one day before experiment setup to ensure that cells

would not grow in serum vial instead of the SSSCs.

Media stocks (inoculated and negative), SSSCs (with closed valves) and all equip-

ment used to introduce the medium into the SSSCs was placed into an anaerobic

chamber (Don Whitley Scientific, DG250). The chamber was then turned on and

left to commission for at least 24 hours (Initially this time was less than 24 hours,

but anaerobic conditions were not met and experiments had to be restarted. There-

fore, 24 hours was established as the correct time period for commissioning). Once

commissioned, each SSSCs valves were opened. Upon using each SSSC, both valves

on the terminal end of the manifold arm were closed before medium was introduced,

to ensure medium remained in the SSSCs. Then 10 mL of biotic medium from the

initial positive 70 mL serum vial medium stock was added to SSSCs (n = 6) and

10 mL of abiotic medium from the uninoculated 70 mL serum vial medium stock

was added to SSSCs (n = 6) using a 10 or 20 mL syringe (depending on availabil-

ity) and needle. The length of the tubing on the inlet end was chosen so that the

needle can be placed through the tubing, through the hole in the valve valve and

protrude into the SSSC. The inlet valve was closed after medium was introduced to

the SSSC. Separate needles and syringes were used for abiotic and biotic setup to

avoid contamination of negative controls.

Outside of the anaerobic chamber, the manifold arms were then attached to the

manifold frame (that already had the inlet/outlet arm attached) and transported to

a dedicated high-pressure gas laboratory.
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Pressurising the manifold

The manifold frame still contained ambient air, therefore a scroll vacuum pump

(Leybold, Scrollvac SC 5 D; pumping speed of 80 to 100 L min−1, ultimate attainable

pressure of 0.05 mbar) was connected to a valve attached to the manifold input

arm with the directional flow arrow pointing out of the manifold. In addition, the

anaerobic gas cylinder hose, whilst connected to the cylinder via a regulator (DCGE

services, 0-3 bar gas cylinder regulator BS4), was connected to the manifold input

arm via a valve with the direction of flow arrow pointing into the manifold. The

pump was turned on (for approximately 1 minute) and the connecting valve was

opened as well as the valve separating the manifold and the full volume of the

anaerobic gas hose. The pump’s exhaust was connected to a gas extraction system

that directed the gas out of the laboratory. The valves on the manifold arms remain

closed. This evacuated the ambient air from the manifold frame and the anaerobic

gas hose. Valves were then closed again and the pump turned off.

The Manifold frame was then pressurised to approximately 2.5 bar with anaerobic

gas (v/v 80:20, H2:CO2) and leak-detection fluid was used to assess the manifold up

to the valves that separate the SSSCs from the rest of the manifold. Any leaks were

remedied by tightening the appropriate nut and once no leaks were occurring then

the scroll vacuum pump was used to evacuate the manifold frame and anaerobic gas

hose once again.

The anaerobic gas regulator was set to approximately 1.2 bar absolute (i.e. 0.2 bar

gauge pressure). This pressure was selected as it was the lowest pressure detectable

on the regulator being used. A pressure higher than this caused turbulence of

the medium and caused media to be forced out of the SSSC onto the laboratory

bench. Each valve on the manifold arm was then opened starting from the terminal

end, which allowed gas to flow over the medium, replacing the mixture of N2 (from

sparging the SSSCs) and anaerobic gas from the anaerobic chamber with the desired

anaerobic gas mixture from the cylinder. Gas was allowed to flow for at least 1

minute. The terminal-end valve was then shut. The gas flow regulator was increased

to 1 bar gauge pressure, which is the typical pressure of anaerobic experiments in
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serum vials. The QVT between the SSSC and the manifold arm, and the valve

between the SSSC and sample tube, were closed once the gauge on the manifold

reached 1 bar gauge pressure. This procedure was repeated for each manifold arm.

As mentioned, one manifold experiment was set to 1 bar gauge pressure, therefore,

for this manifold the setup was now complete. However, further steps were required

to set up the high-pressure manifold.

N2 (BOC, UK) gas was used to pressurise the manifold to higher pressures. The

anaerobic gas hose was then removed from the manifold inlet arm and the gauge on

the manifold changed to a higher pressure one. The N2 gas hose was attached to the

inlet arm. The exhaust hose was also re-attached back onto the scroll pump and the

excess anaerobic gas present in the manifold and the air present in the N2 hose was

pumped out for 1 minute. The manifold was then pressurised to the desired pressure

with N2 gas and a further leak test was performed. Once any leaks were rectified,

each valve separating the manifold frame from an SSSC was then opened and closed,

one at a time, allowing each SSSC to fill to the desired pressure as indicated by the

gauge.

In order to better facilitate sampling of headspace gasses, the sampling tube of

each manifold arm was charged to the appropriate pressure. On the higher pressure

manifold, N2 gas was used to charge each sampling tube of the manifold arm to

60 bar pressure by attaching the N2 hose to the terminal end of the manifold arm.

N2 gas was allowed to flow at a lower rate out of the hose to ensure that no ambient

air was present in the hose. Setting the pressure of the sample tube to the same value

as the SSSC ensures that when the valve between the SSSC and the sampling tube

is opened, there is an equal pressure between the two sections and no liquid medium

(and cells in positive SSSCs) was forced into the sampling tube. The flow of gas to

pressurise the sampling tubes was contrary to the flow indicator arrow on the valve,

but no compromise of the gas seal of any valve was found throughout the experiment

and subsequent testing, indicating that the valves are able to withstand this for at

least the number of instances this action was performed during this project (a few

dozen, but less than 100).
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The manifolds were then placed into an incubator set to the desired experiment

temperature and the valve between the SSSC and the sampling tube was opened on

each manifold arm. This ensures that gases can mix between the SSSC and sampling

tube. If this step had not been implemented at this point, then the pressure of the

sampling tube would remain at the experimental pressure and the pressure of the

SSSC would have decreased due to methanogenesis occurring, causing turbulence

when the separating valve would later be opened.

4.3.5 Gas sampling and analysis

At intervals of three or four days, the manifold SSSCs were sampled to determine

the concentration of CH4 present within the headspace.

The manifold valve separating the SSSC and the sampling tube was closed before the

manifold was moved. This isolated an aliquot of the headspace gas and allowed the

manifold to be moved without risking medium travelling into the sampling tubes.

The manifold was then removed from the incubator and taken to a dedicated high-

pressure gas laboratory. Tedlar Gas sample bags (500 mL; SKC, 323-02) with a small

length of flexible tubing pushed onto the fitting that had a Swagelok® 3/8 inch nut,

ferrule and olive attached using a tube insert (Swagelok®, SS-605-3) were used to

collect the sampled aliquot of headspace gas (Figure 4.6). Before each sampling

regime they were purged using N2 by filling the bag and squeezing the N2 out three

times to remove previous samples and the presence of air.
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Figure 4.6: A Tedlar gas sample bag with a small length of flexible tubing and attachment system,
to attach it to the manifold during sampling of headspace gases.

A gas sample bag was attached to the terminal end of a manifold arm and its valve

opened, and then the valve at the terminal end of the manifold arm was opened to

allow the gas to expand from the sample tube into the bag. After approximately

5 seconds, the two valves were closed.

Once each SSSC had been sampled, N2 was used to re-pressurise the SSSCs and

sample tube to the desired pressure, using the same procedure described in sec-

tion 4.3.4.

An aliquot of gas from the sample bags was analysed to determine CH4 concentration

using gas chromatography (Agilent, 7890A; 2.3.2). A single injection (250 µL) of

headspace gas from sample bags from negative samples and triplicate injections

(250 µL) of headspace gas from bags containing samples from biotic SSSCs were

analysed. A single injection of negative control serum vial samples and triplicate

injections of positive control serum vial samples were also analysed on each sampling

day.

Methane standards (10 ppm, 100 ppm, 1000 ppm, 1% and 10%; Calgaz, UK) were
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analysed each sampling day and used to calibrate and quantify the concentration by

volume of CH4 present in the injection volume. At least five calibration points were

chosen based on the concentration of CH4 present in the samples, but this works

best over small concentration ranges. Therefore, multiple calibration ladders were

sometimes required to account for all samples. Where no CH4 was thought to be

present in manifold biotic samples and across negative control samples, a standard

ladder of 2 ppm to 10 ppm was used. Section 4.4.3 shows that the 2 ppm to 10 ppm

standard range produced peaks that were in the same range as negative samples,

suggesting that the sensitivity of the gas chromatograph being used was severely

reduced compared to expected performance. However, positive control CH4 sample

peaks were discernible and CH4 concentration was above the noise range by the time

of the first sample day.

Methane concentration was calculated by producing linear regression statistics (al-

pha and beta values) for each individual standard ladder on each day. Concentration

values for the peak area for unknown samples were then interpolated using the re-

spective regressions statistics as the predictor. Due to large variances in GC perfor-

mance between each sampling day, which sometimes resulted in lower concentration

standards on one day having a larger peak area compared to higher concentration

standards on another day, it was necessary to calibrate the GC on each sampling

day and produce a different regression using standards for a single sample day using

the following equation

y = mx + c (4.1)

where m is the beta value (or the slope statistic), c is the alpha value (or the Y-axis

intercept statistic), x is the value of the peak area and y is the concentration of CH4

in parts per million. This equation is then solved for x to calculate the concentration

of an unknown sample using the regression statistics obtained from Equation 4.1 for

a corresponding standard calibration.

During the first two experiments, at 60 bar and 25◦C, the highest CH4 concentration
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standard available was 1% (in N2). Therefore, in order to build a standard ladder

for higher CH4 concentrations a larger injection volume, relative to the volume of

the experiment injection volume of 250 µL, was injected. For example an injection

of 1.25 mL of a 1% standard will have five times the absolute abundance of CH4

compared to an injection of 250 µL of a 1% standard. Therefore, the abundance in

the 1.25 mL would be equal to the abundance in 250 µL injection of a 5% standard.

This ensured that the absolute quantity of CH4 being injected into the GC was pro-

portionally equivalent to a higher concentration standard. Due to time constraints,

data for the serum vial positive controls that were grown concurrently to the first

manifold experiment, where the concentration of CH4 was above the 1% mark, were

calibrated using a one to five percent standard ladder obtained on day 18 (Figure

4.8 and inset). A single data point for two subsequent sampling days was obtained

for an equivalent 5% standard (as described above) to ensure that no instrument

drift had occurred. Data for the second manifold experiment were calibrated using

a one to five percent standard ladder obtained in triplicate on each sampling day.

4.3.6 End of experiment procedure

The manifold was dismantled at the end of each manifold experiment. Firstly, the

manifold arms were removed from the manifold frame and placed into an anaerobic

chamber. For the second experiment, and subsequent tests, twelve 14 mL centrifuge

tubes and some small clear autoclave bags were placed into the anaerobic chamber.

For the second experiment, but not subsequent tests (that were all abiotic), six

serum vials, six butyl rubber stoppers and six crimp caps were also placed inside the

anaerobic chamber. An autoclave bag with an open centrifuge tube placed inside

was wrapped loosely around the inlet end of the manifold arm. The centrifuge

tube was placed on the opening to the tube and the valve was slowly opened to

release medium into the centrifuge tube. Some media spillage occurred due to the

pressure in the SSSCs and the carbonation of medium, hence the requirement for

the autoclave bag. The two valves on the terminal end were opened to release the

final volume of medium and the cap was placed onto the centrifuge tube.
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For the second experiment, 100 µL of the medium in each centrifuge tube was

stained using L/D (See section 2.3.1) and microscopically checked for the presence

and health of the cells. The remaining medium was centrifuged for 20 minutes at

4700 × g to form a pellet. The supernatant was removed and pellet resuspended

in 1 mL of sterile water. This was shaken by vortex to resuspend the pellet. The

pellet suspension was transferred to serum vials containing 19 mL of fresh medium

and incubated at 25◦C for 27 days. Triplicates of positive and negative controls

were setup concurrently. The results of the second manifold experiment follow up

are presented in the Appendix. The manifold arms were then rinsed with a dilute

ethanol solution and prepared for sterilisation.

4.3.7 Experimental design

The experimental design for each of the two manifold experiment runs are shown

below (Table 4.2 and Figure 4.3). The sample sizes are different between experiment

one and experiment two, due to covid related time restrictions and experiment one

was run for a longer duration of time than experiment two.

Table 4.2: Sample sizes for first manifold experiment

Time Pressure Pos or neg n = Time Pressure Pos or neg n =
(Day) (bar) (+/-) (Day) (bar) (+/-)

8 1 - 3 24 1 + 9
8 1 + 3 24 60 - 3
8 60 - 3 24 60 + 9
8 60 + 3 28 1 - 3
11 1 + 9 28 1 + 9
11 60 + 9 28 60 - 3
15 1 + 9 28 60 + 9
15 60 + 9 31 1 - 3
18 1 + 9 31 1 + 9
18 60 + 9 31 60 - 3
21 1 - 3 31 60 + 9
21 1 + 9 35 1 - 2
21 60 - 3 35 1 + 9
21 60 + 9 35 60 - 3
24 1 - 3 35 60 + 9

Pos or neg refers to the presence or absence of cells within individual SSSC replicates at the start
of the experiment. Where n = 9, this refers to three biological replicates that were sampled
once and the resultant gas was sampled in triplicate and analysed using gas chromatography.
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Table 4.3: Sample sizes for second manifold experiment

Time Pressure Pos or neg n = Time Pressure Pos or neg n =
(Day) (bar) (+/-) (Day) (bar) (+/-)

8 1 - 3 21 1 - 3
8 1 + 9 21 1 + 9
8 60 - 3 21 60 - 3
8 60 + 9 21 60 + 9
11 1 - 3 24 1 - 3
11 1 + 9 24 1 + 9
11 60 - 3 24 60 - 3
11 60 + 9 24 60 + 9
15 1 - 3 28 1 - 3
15 1 + 8 28 1 + 9
15 60 - 3 28 60 - 3
15 60 + 8 28 60 + 9
18 1 - 3 31 1 - 3
18 1 + 9 31 1 + 9
18 60 - 3 31 60 - 3
18 60 + 9 31 60 + 6

Pos or neg refers to the presence or absence of cells within individual SSSC replicates at the start
of the experiment. Where n = 9, this refers to three biological replicates that were sampled
once and the resultant gas was sampled in triplicate and analysed using gas chromatography.

4.3.8 Manifold follow up experiments

In order to investigate whether cell like structures within the medium after manifold

experiment two were cells, or instead were non-bioloigcal structures, subcultures of

the medium in each SSSC were produced. The medium within each positive SSSC

was poured into separate centrifuge tubes and spun in a centrifuge for 20 minutes

at 4700 x G. The supernatant was removed and replaced with 1 ml of sterile water.

The centrifuge tubes were then shaken using a vortex machine until the pellet had

become resuspended. Each 1 ml solution was anaerobically transferred into 19 ml of

fresh media in sterile serum vials and incubated at 25◦C for 27 days. Three positive

and three negative controls were also produced. The concentration of the positive

controls was unknown, due to time constraints. However, the concentration of the

experiment samples was also unknown and it was not experimentally important to

know these values.
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4.4 Results and discussion

4.4.1 Stainless steel inhibition experiments

A lack of inhibition was established for a deselected strain (Methanobacterium sub-

terraneum; Section A.3.1). To test whether leaching of potentially inhibitory compo-

nents occurred from the stainless steel into the medium when growing Methanoculleus

marisnigri, growth experiments were setup in triplicate in glass serum vials in opti-

mal conditions as described in section 2 but with the addition of a small length of

316 stainless steel. Results suggest that whilst there was a longer initial lag period,

methanogenesis was not inhibited (Figure A.2). Two of the serum vial samples that

contained stainless steel failed due to the use of the use of an alternative septum that

was not strong enough to withstand multiple penetrations. However, the remain-

ing sample produced CH4 and reached a similar concentration as positive samples

(Figure 4.7; these experiments were run concurrently to manifold experiment two

and therefore the positive serum vials for that experiment also act as the positive

controls for this experiment). Negative samples, both with and without the pres-

ence of stainless steel, did not produce detectable concentrations of CH4. Positive

controls were run simultaneously. Positive control culture “A” remained anaerobic

for the whole duration of the experiment. Culture “B” remained anaerobic up to,

and including, sample day 15. Positive control culture “C” remained anaerobic up

to, and including, sample day 21. The change to aerobic conditions for positive

control culture “B” and “C” was due to the use of a new type of septum that was

not structurally capable of receiving multiple penetrations. After a variable number

of piercings the septum failed and that allowed ambient air to enter into the serum

vial. The variation in the number of piercings that a septum could tolerate demon-

strates why positive control culture “a” remained anaerobic. Equally CH4 would

the be able to travel out of a compromised septum. Therefore, the data for culture

“B” was removed from the growth curve.
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Figure 4.7: Growth data for stainless steel inhibition experiments. a; Individual growth curves for
stainless steel inhibition experiments that confirm no inhibition to methanogenesis. n = 3 for data
points with an error bar. Due to use of a new type of septum, serum vial ”b” and ”c” became
aerobic at different points of the experiment and therefore the cultures failed. b; Average CH4

concentrations for two positive controls for the stainless steel inhibition experiment and manifold
experiment two. Only biological replicates “a” and “c” are shown. n = 3, except for day 24 and
day 28 for culture “c”, that are n = 1 and 2, respectively, due to time constraints. Culture “b” is
not shown as it became aerobic early in the exponential phase and the culture did not grow. Both
plots show mean concentrations ± 1 standard deviation.

4.4.2 Performance of manifold system to simulate martian

subsurface temperature and pressure

The manifold was designed to fulfil a number of requirements to provide a unique

apparatus for studying the production of CH4 by methanogens whilst in thermo-

physical conditions that simulate the upper kilometre of the martian subsurface.

Capable of being sterilised in an autoclave Due to the modular nature of the

manifold design and the ease with which it can be dismantled and re-assembled, this

made it quick it convenient to sterilise in an autoclave. Additionally, the O-rings of

the valves on remained viable throughout the experiment and were not compromised

due to the high heat, as was expected based on given specifications.

Must have a container to hold both liquid and gas samples

This was achieved using a stainless steel sample container. Each SSSC was double
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ended that allowed for the flow through of gas, holding of gas at high pressures and

the holding of 10 mL of liquid sample.

Must be able to function at putative martian subsurface temperatures of

the upper kilometre

The aim was to simulate subsurface temperatures of between 15 ◦C and 50 ◦C.

The manifold was constructed using stainless steel material that could operate at

temperatures much higher than the experimental temperatures chosen (316 stainless

steel melting point - approximately 1400◦C). However, when operating at maximum-

rated pressure, the maximum operating temperature is 37◦C. This temperature is

still above the desired temperature for experiments (25◦C).

Must be able to have an internal temperature that matches the desired

experimental temperatures

This was achieved by using SSSCs made from stainless steel, a material that is

thermally conductive and so could transmit the ambient temperature to the inner

environment of the SSSC. This was confirmed by measuring the temperature of the

stainless steel SSSCs to ensure that they would equilibrate to experimental temper-

atures. It is physically reasonable to assume that the temperature of the medium

within the SSSCs during experiments was therefore very quickly equilibrated to the

temperature of the stainless steel.

Must be able to hold an internal pressure comparable to martian subsur-

face pressures in the upper kilometre

The pressure of the upper kilometre of the martian subsurface could be from the

ambient atmospheric pressure of approximately 6 mbar up to 100 bar. The manifold

components chosen were rated to operate to a maximum pressure of 67 bar when the

temperature of the manifold was at 37 ◦C. There is an inverse relationship between

the two parameters and so when the temperature was set to the lower experimen-

tal value, the maximum pressure of the manifold could be higher. However, the

manufacturers do not specify the maximum allowed pressure at lower temperatures.

Nonetheless, the requirement for the manifold to hold an internal pressure conducive

to martian subsurface is met.
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The gas phase must be able to be periodically sampled without affecting

the continuation of the experiment

The addition of the small section of tubing, termed the sample tube (Figure 4.1),

along with the experiment procedure achieved this requirement. It allowed for the

liquid sample to remain in the SSSC whilst also allowing for gas transfer to occur

between the headspace of the SSSC and the sample tubing. These sections could be

disconnected using a valve to allow for the extraction of the sample-tube gas sample,

without affecting the contents of the SSSCs, other than reducing the pressure in them

slightly.

Must be able to be re-charged after each gas sampling to the desired

experiment pressure without affecting the continuation of the experiment

Due to the sample of gas from the sample tubing, the pressure of the SSSCs and the

tubing would then be below the target pressure for the experiment. Therefore, a

procedure was designed that allowed for the recharging of the SSSC and the sampling

tube to achieve the desired pressure for continued incubation.

Must be sized appropriately to fit into an incubator

The manifold was designed in a compact fashion to allow it to fit into a relatively

small space. The small overall size also allows for it to be easily lifted and carried

between locations. The design also allows for two manifolds to be stored in the

same footprint of space, by interlocking the manifolds together facing opposite to

each other.

Must allow for multiple replicates to be run simultaneously

Using this manifold design, six replicates can be run simultaneously. Moreover, due

to the relative low cost of constructing the manifold, many can be built further in-

creasing the number of experiments that can take place. Here we built two manifolds

that allowed for 12 replicates, simultaneously; one that was set to 1 bar and another

that was set to 60 bar. Each manifold had 3 replicates of inoculated medium and 3

replicates of non-inoculated medium.
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4.4.3 Manifold experiment results

Two manifold experiments were conducted in full (i.e. run for the intended duration

of ∼5 weeks), as there was no indication before conducting them that an issue regard-

ing the oxygenation of the medium inside the SSSCs was likely to occur (Discussed

in section 4.4.4). The first experiment produced no CH4 and so was repeated for a

second time, as the oxygenation of the medium was initially considered an anomaly

attributed to the first experiment that was not expected to be repeated in the second

experiment. The results, and discussion of data, are presented below, separately for

each experiment. Following these results are some interpretations of the data and

discussions regarding the contamination of O2 and potential improvements tot he

experiment design to mitigate this impact in future.

Experiment one

Positive controls were grown in serum vials and showed that the growth medium

was prepared correctly and the methanogenic cells were viable. A standard growth

curve indicates that common growth phases for a microbial culture (Figure 4.8) were

achieved. Subsequent analysis indicated that a decrease in CH4 concentration during

the stationary phase of the growth curve observed on day 28 was not reproduced in

the standard calibration data as well as the manifold SSSC data and therefore was

an anomaly present only in the serum vial positive control data. The error is also

much smaller for day 28. The reason for this was not deducible, however, given the

small error on day 28 it could be possible that the GC upper limit for measuring

CH4 was approximately the data values for day 28 due to a unique issue with the GC

only present on that day. This would explain both the lower concentration average

obtained and the smaller error range, although this is highly unlikely.
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Figure 4.8: Positive controls grown in serum vials demonstrate that the Methanoculleus marisnigri
cultures were growing in optimal conditions during the first manifold experiment. Data for day 18
and beyond were calibrated using the alpha and beta coefficients obtained on day 18, due to time
constraints. Shown are means of three triplicate injections for three positive cultures ± 1 standard
deviation, n = 9; Inset: A standard gas injection at 50000 ppm was collected on day 24 and 28
that confirmed there was no instrument drift from day 18, as the peak area remained consistent.

A manifold experiment was setup at 60 bar and 25◦C (with 1 bar and 25◦C setup

in the second manifold) using the standard protocols outlined in section 4.3 with

a few exceptions as follows. Manifold arms were not sparged with N2 gas, valves

on the manifold arm were not opened and closed 10 times to eliminate any residual

ambient air present and the anaerobic chamber was commissioned for only 1 hour.

The experiment was concluded after 38 days, whereby no CH4 was present in the

headspace of the SSSC of all manifold arms (Figure 4.11), but positive controls, using

serum vials, confirmed that initial preparation and setup protocols were correct and

that cells were viable, as CH4 was detected in the headspace (Figure 4.8).

Upon deconstruction of the manifold, it was identified that the medium in the

high-pressure manifold SSSCs had become aerobic as the redox indicator resazurin

had coloured the medium pink. However, this was not achieved by decanting each

separately into Falcon tubes (as explained in Section 4.3.6, and implemented after
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the second experiment), instead it was simply observed when decanting medium into

a central disposal container. As there was a positive pressure in the SSSCs, which

was maintained throughout the experiment, O2 could not have ingressed into the

SSSCs throughout the experiment. Therefore, it was concluded that the ingress of

O2 occurred during the setup phase of the experiment. However, the exact step at

which this ingress occurred could not be discerned from the data collected during

this experiment.

Calibration data

Manifold data and serum vial data were calibrated using a standard ladder produced

on each sampling day to ensure that variation caused by turning the GC off and

on between sampling days did not affect the results. Due to time constraints it

was not always possible to produce a triplicate of calibration data points on each

sampling day, however all calibration lines were not significantly different, except for

the calibration line for day 35 (Figure 4.9). The calibration line for day 35 suggests

that for the same calibration ladder that a much larger peak area was obtained.

The y-axis intercept point for the day 35 line implies an peak area of 2.8 ± 0.4 pA.

However, standard calibration data for sample day 8 suggests that an peak area of

that value would constitute a concentration of ∼60 ppm. The expected value for a

y-axis intercept for any standard should be not significantly different to zero, but

instead for day 35 it is significantly different (P -value ≤ 0.01). Therefore, these data

are assumed to be incorrect, especially given that a follow up calibration ladder of a

single injection of each standard concentration three days later (not shown) produced

a peak area in the range of the rest of the dataset for the same range of standards.
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Figure 4.9: Regression lines for each sampling day, used to calibrate unknown headspace gas
samples from the manifold SSSCs. A triplicate of injections was analysed at a concentration of 2,
4, 6, 8 and 10 ppm, except on day 7, 32 and 35 when a single injection of each was analysed and
on day 24 where duplicate injections were analysed. The calibration line for day 35 shows the peak
area was significantly larger compared to other calibration lines.

Given the concentration of CH4 in the headspace for positive controls was unknown

on each sample day, especially during the exponential phase of growth, an assessment

was made each sample day to determine the correct standard calibration ladder

that was run. On each sample day a visual comparison was made between the

peak area obtained for some positive controls and those obtained from previous

standard calibrations (or new test calibrations made on the same day) to determine

which calibrations would be required to run on that sample day (Figure 4.10). The

aim on each sample day was to run a triplicate of standards across a short range

that encompassed all peak area values of unknown samples, which would allow for

interpolation to obtain a concentration. However, it was not always possible to

perform a triplicate of five concentration levels of CH4 standards on each sampling

day due to covid-related time restrictions. Instead, a single, or duplicate, injection

of five levels was sometimes used (Figure 4.10). Despite the limitations of not

achieving a triplicate injection, enough standard ladders were produced and are

reliable enough to obtain a concentration for unknown, experiment, samples that

were mostly interpolated, although some extrapolation was required.
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Figure 4.10: Regression lines for; plot a, Single injection of CH4 standards at a concentration of
20, 40, 60 80 and 100 ppm; b, triplicate injections of CH4 standards at a concentration of 200,
400, 600, 800 and 1000 ppm on sample day 11 and 15; c, triplicate injections of CH4 standards at
a concentration of 1000 and 5000 ppm, duplicate injections of injections at 2000 ppm and single
injections at 3000 and 4000 ppm, all on sample day 15; d, triplicate injections of CH4 standards
at a concentration of 10000, 20000, 30000, 40000 and 50000 ppm on sample day 18. The standard
ladder for day 18 was used for all subsequent sample days for serum vial positives as it was not
possible to run standards on subsequent days, due to time constraints.

Manifold data

During the experiment the headspace for negative controls was not analysed on

every sample day, due to time constraints. Additionally, the assumption was made

that the negatives would produce no CH4 for the duration of the whole experiment.

Positive SSSCs on sample day 8 were only run once each, to give a total n = 3,

as it was known the cells would still be in lag phase and no CH4 would have been

produced. Otherwise positive manifold SSSC replicates were sampled once and the

resultant gas sample was analysed in triplicate using a GC. Negative manifold SSSC

replicates were sampled once and only a single technical replicate was injected into

the GC (Table 4.2).

The value for negative controls from negative experiments should be zero, as no CH4

will be produced. However, due to various reasons the value would never practically

be zero and as such a peak was produced at the retention time for CH4. No peaks
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were produced for GC runs when no injection was provided. However, there were still

small peaks when a 250 µL nitrogen standard (99.99% pure; Calgaz, UK) was used

for injections. This suggests that contamination of the GC by CH4 occurs during the

injection procedure. However, the needle and syringe used are specifically designed

to be gas-tight and for the purpose of GC work. The GC inlet septum was changed

intermittently, but regularly and the inlet was changed when the GC was performing

sub-optimally, as a method of correction. This could mean that the slightly increased

pressure of an injection forced a small concentration of CH4 that was present in the

inlet, although the mechanisms for this occurring is unknown. The reason for this

minor contamination was not discerned for the duration of this experiment, or the

experiments in Chapter 5. Other potential sources of noise in the data include the

standard ladder used to calibrate the peaks produced for negative experiments, as

the y-axis intercept would not be zero for any given day causing low concentration

values to be relatively highly variable.

Given the assessment of noise variation at extremely low CH4 concentrations (par-

ticularly under ∼5 to 6 ppm) it can be concluded that calibrated manifold data

suggests that no CH4 was present for the duration of the experiment (Figure 4.11).

Therefore Methanoculleus marisnigri did not produce CH4 above the detection limit

of detection, probably due to the aforementioned oxygenation of the media. The

positive manifold SSSCs for 1 bar and 60 bar were not significantly different from

the negative control SSSCs, and in fact the negative control results for both the

1 bar average (6.03 ± 1.27 ppm) and the 60 bar average (5.83 ± 1.26 ppm) of man-

ifold SSSCs are the highest value results obtained. However, it must be pointed

out that statistical analysis is not possible on such small sample sizes, rendering

interpretation limited to visual assessment of the plot. Additionally, a value below

zero cannot exist as that would imply a loss of CH4 and therefore is a product of

analysis due to the small peak area values obtained and the effect of the noise in

the data.
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Figure 4.11: Methane concentration for positive experiments during the first experimental run at
both 60 and 1 bar pressure produced CH4 abundances that were not statistically different from
the negative experiments. The temperature was 25◦C. Each line shows the average value for the
combination of technical (gas chromatograph injections) and biological (SSSC) replicates. Negative
control data were not collected on the second, third or fourth sampling day. Values below 0% are
not possible and therefore are an artefact of analysis and must be considered as 0%. Sample sizes
are given in Table 4.2 and data here show the mean concentration ± 1 standard deviation.

Experiment two

As a direct repetition of experiment one, a second experiment was performed using

the same experiment setup and parameters. As mentioned, the experiment design

was not altered because the O2 contamination had not been attributed to the setup

procedure. Instead, it was anticipated that an unknown error had occurred during

setup of the first experiment and therefore the second experiment would eliminate

that error and produce positive experiment results.

A positive control in a serum vial for the second experiment produced a standard

growth curve as expected for a microbial growth experiment (Figure 4.7, panel

b). This in turn confirms the viability of the culture used to inoculate media for

experiment two. Culture “A” remained anaerobic for the whole duration of the

experiment. Culture “B” remained anaerobic up to, and including, sample day 15.

Culture “C” remained anaerobic up to, and including, sample day 21. The change

to aerobic conditions for culture “B” and “C” was due to the use of a new type of

septum that was not structurally capable of receiving multiple penetrations. After a
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variable number of piercings the septum failed and that allowed ambient air to enter

into the serum vial. Equally CH4 would the be able to travel out of a compromised

septum. Therefore, the data for culture “B” was removed from the growth curve,

but data for culture “A” and “C” are shown.

A decrease in CH4 concentration was observed in the stationary phase of growth at

sample day 28 but appears to be isolated to only the serum vial, positive culture.

Standards were not different at any concentration level injected between sampling

day 18 and sampling day 32, except for the 5000 ppm concentration value for sam-

pling day 18, which is lower (Figure 4.13, panel ”d”). However, this is not responsible

for the decrease at day 28. The reason for the decrease was not deducible.

Manifold experiment two was conducted at 60 bar and 25◦C (with 1 bar and 25◦C set

as the parameters in the second manifold) using the standard protocols outlined in

section 4.3, with the same exceptions as given in section 4.4.3. The experiment was

concluded after 31 days, whereby no CH4 was present in the headspace of the SSSC

of all manifold arms (Figure 4.14), but positive controls confirmed that the initial

preparation and setup protocols were correct as CH4 was detected in the headspace

of the positive control serum vials (Figure 4.7). Two of the positive samples were

rendered dead at separate points during the experiment due to the failure of thinner

septa that were purchased due to a global shortage of standard blue butyl rubber

septa that were used for all other experiments (except stainless steel inhibition serum

vial experiments that were concurrently run, as outlined in section 4.4.1). A decrease

in CH4 concentration for all data from serum vials run on day 28 was noticed (this

odd result occurring on day 28 is purely coincidental and not related to the issues

observed on the same time point during experiment one; Figure 4.14 and Figure

4.7). An analysis of the standards used to calibrate and quantify the peak area

values for that day showed that standard values were not significantly different from

any other day (Figure 4.15). Given the GC settings were not altered on this day,

the same needle and syringe were used for all high concentration standards and

unknown samples and that the issue appeared to rectify without any intervention

on the next sampling day the source of the problem remains unknown.
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Upon dismantling of the manifold it was once again identified that the medium in

each of the high-pressure manifold SSSCs was aerobic as the redox indicator had

turned the medium pink when decanted into separate Falcon tubes. This step was

introduced because medium from each SSSC during the manifold experiment one

were combined. Instead, during manifold experiment two, in anticipation that the

medium could be aerobic again, the medium was decanted into separate Falcon

tubes. Given that both manifold experiments resulted in oxygenated media, it

was likely that the ingress of O2 was not simply due to human error during setup.

Therefore, experiments were halted so further tests could be carried out to identify

the step in the procedure at which O2 was ingressing.

Calibration data

During the second manifold experiment a triplicate of injections of CH4 standards at

various injection volumes were analysed to produced a relevant calibration line for

each sample day. Low concentration standards were used to calibrate for low CH4

content, or samples that appeared to be negative for CH4 (Figure 4.12). A visual

comparison was made between the peak area for samples that contained CH4 and

previously run standards to determine the appropriate CH4 standard concentrations

to run on each sample day (Figure 4.13).

Figure 4.12: Calibration lines for each sampling day. A single set of injections was analysed at a
concentration of 2, 4, 6, 8 and 10 ppm each day.
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Figure 4.13: Regression lines for a triplicate of CH4 standard injections used to calibrate unknown
sample injections. Plot a, concentrations of 200, 400, 600, 800 and 1000 ppm on sample day 8; b,
concentrations of 300, 900, 1500, 2100, 2700 and 3300 ppm on sample day 11; c, concentrations of
5000, 10000, 15000, 20000 and 25000 ppm on sample day 14; d, concentrations of 10000, 20000,
30000, 40000 and 50000 on sample days 18, 21, 24, 28 and 32.
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Manifold data

Negative and positive SSSC manifold data are similar to the first manifold experi-

ment results with values ranging from less than zero to a concentration of just over

5 ppm (Figure 4.14). Just as with manifold experiment one results these data are

erroneous, potentially due to the low sensitivity of the GC. Equally, data below zero

should be considered as zero. One SSSC sample was not sampled on the last day

due to a gas bag valve failing and the sample leaking.

Figure 4.14: Methane concentration for positive replicates during the second experiment at both 60
and 1 bar pressure produced CH4 abundances that were not significantly different from the negative
replicates. The temperature was 25◦C. Each line shows the average value for the combination of
technical (GC) and biological (SSSC) replicates. Sample sizes are given in Table 4.3 and shown
here are the mean concentrations ± 1 standard deviation.
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Figure 4.15: Mean CH4 standards binned together by injection concentration (10000 to 50000 ppm)
appear to not be different from day to day for the same concentration, but are different as the
concentration changes, as is expected. This demonstrates that CH4 standards for day 28 during
the second manifold experiment were not significantly different from other days (Except day 18,
which is lower than the following days and close to the 40000 ppm values. However, the CH4

concentration data point in Figure 4.7, panel b, for day 18 appears to be on the correct linear path
between the two adjacent data points). Error bars show ± one standard deviation (n = 3).

No further full length experiments were run using the manifold. Instead, an in-

vestigation into the reason for the transition from anaerobic to aerobic conditions

occurring took place.

4.4.4 Investigating O2 contamination of high-pressure N2

gas cylinders

The data from the two manifold experiments suggested that no CH4 was produced in

any of the 1 bar or 60 bar experiments. The medium from the first experiment was

not decanted out into individual Falcon tubes to determine if the medium remained

anaerobic throughout the experiment. However, after the second experiment also

produced results showing no CH4 production, the medium was decanted in a separate

Falcon tube for each SSSC. Medium decanting always took place in an anaerobic

chamber (Don Whitley, DG250). The colouration of decanted media showed that

all of the medium contained in manifold arms pressurised to 60 bar were aerobic, as
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indicated by a pink colouration due to the resazurin added when the medium was

prepared.

In order to test whether the medium became aerobic during the setup procedure,

or during the five week experiment, tests were performed whereby medium was

decanted into Falcon tubes after different stages of the setup procedure described in

section 4.3.4. Those stages were after introduction to the SSSCs whilst being left in

the anaerobic chamber (for approximately 24 hours), after manifold arms were re-

attached to the manifold frame, after charging the manifold to 1 bar and then finally

after charging the manifold to 60 bar. After each of these stages, except the last

stage, media was anaerobic after being decanted from the SSSCs into Falcon tubes,

within an anaerobic chamber. After the test that involved charging the SSSCs to

60 bar, the media were variable in colouration, six were pink and two were still the

colour of the original medium (Table 4.4; Given as “First dedicated test run” in the

notes column of the table). This identified the stage of setup at which the aeration

of medium was occurring was when charging the manifold SSSCs to 60 bar with N2.

Figure 4.16: Example of Falcon tubes that contain media that has remained anaerobic (left), and
media that has become aerobic (right). Samples are from the penultimate test shown in Table 4.4.

Table 4.4 shows the outcome of a number of tests, as well as manifold experiment

two, of decanting the medium from manifold arms to determine if they remained

anaerobic for the duration of the test (3 to 4 days) or experimental run (31 days). It

clearly indicates a dichotomy between the medium in the manifold arms pressurised

to 60 bar compared to those charged to only 1 bar. All manifold arms charged

to 1 bar remained anaerobic, whereas there is a variable number at 60 bar that
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remained anaerobic.

This dichotomy could explain why no CH4 was produced in the manifold arms

pressurised to 60 bar, as the medium had O2 dissolved into it that would compromise

the methanogens present after only a couple of hours exposure (McAllister and Kral,

2006). However, this dichotomy does not explain the lack of CH4 in the 1 bar

experiments, which remained anaerobic. This will be discussed later in the chapter

(Section 4.4.5); here the focus will be on the issue of anaerobic medium becoming

aerobic.

Table 4.4: Post experiment or test run results indicating whether media were anaerobic or aerobic
as determined by the colour of the solution, whereby pink indicates the presence of O2 (aerobic)
and no colour change indicates the absence of O2 (anaerobic)

Pressure of manifold arms Notes
1 bar 60 bar
(n =) (n =)

aerobic anaerobic aerobic anaerobic
First N2 supply

0 6b 6 0 Experimental run (second of two)
0 2b 6 2 First dedicated test run
0 6a

Second N2 supply
0 6a

0 4b 1 7 The one aerobic, 60 bar test result
was anticipated, due to human error

0 4b 4 4
0 4b 8 0
0 12a

a 1 bar was achieved using the same N2 supply as manifold arms charged to 60 bar in other
tests, to bookend the tests and confirm that 1 bar tests remained anaerobic.
b 1 bar was achieved using anaerobic gas (H2:CO2, 80:20 v/v), including for 60 bar pressure
tests. This was to ensure that the first step of the setup procedure was completed correctly
and therefore aeration of 60 bar tests was not due to an error at this stage.

The first N2 supply used was 99.998% pure (BOC ltd; Zero grade N2). Therefore,

there is a small concentration of O2 present within the N2 (given as typically 5

ppm in the generic data sheet). The hypothesis developed was that at 1 bar the

absolute quantity of O2 was not enough to cause the medium to become aerobic,

probably because there was still some reducing agents present to remove the small

concentration of molecular O2 and the solubility of O2 in water is poor, and becomes

worse when inorganic solutes are present (Tromans, 2000). However, at 60 bar there

is approximately 60 times more O2 present in the same volume and, presumably,
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not enough reducing agents present in the medium to reduce all of the remaining

O2 and more O2 is forced into the medium. Additionally, O2 is more soluble than

N2 and this could contribute to increased O2 dissolving into media, displacing N2.

Therefore, the medium became aerobic and not conducive to growing anaerobic

methanogens.

In order to test this hypothesis, a new N2 supply was acquired (BOC ltd; O2-free

N2) that was specified as “O2-free”. However, as the data in Table 4.4 shows,

60 bar tests completed when using this N2 supply also caused oxygenation of the

medium present. Unfortunately, it was determined through conversation with the

supplier that O2 would still be present in the N2 and achieving an N2 supply with

no O2 contamination would be a challenge, without being prohibitively expensive.

Essentially, at 1 bar the O2 concentration was so low that it is considered functionally

O2-free for the commercial purposes the N2 supply is intended for. However, once

again, when this supply is used to pressurise a container to 60 bar, the absolute

quantity of O2 would increase 60 fold, potentially taking the medium above the

redox limit of methanogens. Table 4.4 also shows that the initial test with the

second supply of N2 produced seven anaerobic outcomes and one aerobic outcome,

with the 1 aerobic test result likely being due to human error. This suggested

that the second N2 supply was appropriate for usage in the experimental design

reported here. However, the subsequent follow-up test showed that half of each of

the eight tests run at 60 bar were anaerobic and half were aerobic and the next

follow-up test showed that all media became aerobic in manifold arms charged to

60 bar. This pattern observed is likely random and further runs would probably

have revealed a random chance of any one sample becoming aerobic under these

experiment conditions. Additional investigation is required and that could include

the use of a truly O2 free N2 supply, or by increasing the reducing agents in the

stock media to ensure that there is capacity to reduce and remove any O2 present.
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Microaeration of methanogenic cultures

Table 4.4 and results from the first two 60 bar experiments, where no CH4 was

produced, indicate that aeration of medium caused methanogens to become non-

viable. This is not surprising as methanogens are strict anaerobes (Balch et al.,

1979) and exposure to O2 causes methanogens to become non-viable after only a

few hours (McAllister and Kral, 2006).

On Mars, O2 is present in the atmosphere at a concentration of 0.1% (Jensen et al.,

2008). Modelling work has shown that due to the colder temperatures on Mars,

compared to Earth, more O2 is able to dissolve into water (Stamenković et al., 2018),

if present. Additionally, the relatively small concentration of O2 in Mars’ atmosphere

is sufficient to oxygenate small oases of calcium- and magnesium-perchlorate brines

(Stamenković et al., 2018). Brines remain liquid at colder temperatures than pure

water and therefore the presence of these systems in the subsurface of Mars is a

realistic prospect (e.g. Salese et al. (2019). However, in order for atmospheric O2 to

dissolve into brines, they must be in contact.

Subsurface brine environments could also have dissolved O2 if they are in inter-

mittent contact with the atmosphere or if radiolytic processes are producing O2

(Stamenković et al., 2018). Evidence has been shown for fluids oxidised by O2,

that are involved in weathering the martian crust (Hurowitz et al., 2017). However

an increase in temperature when disconnected from the surface environment would

reduce the concentration of dissolved O2. This effect could be dampened by the

increased pressure causing more O2 to become dissolved.

In hypothesised martian brine environments, it has been suggested that the dissolved

O2 concentration could be orders of magnitude higher than the experimentally, ob-

servationally and modelled lower limits for aerobic microbial life (approximately 10−6

mol m−3; Stolper et al., 2010; Zakem and Follows, 2017; Stamenković et al., 2018).

In some cases, such as in the martian polar regions, dissolved O2 concentration is

potentially above the lower limit for multicellular life (approximately 2 × 10−3 mol

m−3; Mills et al., 2014; Stamenković et al., 2018). However, the temperature at
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the poles on Mars would be extremely cold (modern average of -62◦C; Kieffer and

Zent, 1992) and not conducive to either aerobic or anaerobic life.

These experiments demonstrate that the presence of small concentrations of O2

can be detrimental to anaerobic methanogens present within these environments.

The concentration of O2 is not specified in the N2 supply used here, but it is at

least 99.998% pure, with argon given as a definite contaminant. Assuming argon

is present at an equal concentration as O2 then each contaminant is present at a

concentration of 0.001% (10 ppm). Using the ideal gas law and the parameters

of 230 bar and 20◦C (starting pressure of a cylinder at room temperature, with a

volume of 2.1m−3), then in a full cylinder there are approximately 9,436.34 mol m−3

of gas. Therefore, there would be 0.094 mol of O2 m−3 of total gas. To calculate the

number of moles of O2 that would transfer to the SSSCs at both 1 bar and 60 bar

the following equation was used

Pratio(
a

b
) (4.2)

where a is the number of mol m−3 of O2 present in the the N2 cylinder, b is the

difference in volume between the the N2 cylinder and the SSSC (2.5 × 104) and

Pratio is the ratio of the pressure of the SSSC and the N2 cylinder (1 bar, 0.0043;

60 bar, 0.26). At a pressure of 1 bar and 25◦C that gives an O2 concentration of

1.63 × 10−8 mol m−3, and when adjusted to a pressure of 60 bar and 25◦C gives

an O2 concentration of 9.78 × 10−7 mol m−3. This means that at 1 bar there is

approximately 61 times less O2 in the SSSC compared to the lower O2 concentration

limit for microbial life and at 60 bar there is approximately a similar value of O2

present compared the lower O2 concentration limit for microbial life (Mills et al.,

2014).

The Pratio of O2 value obtained for 60 bar would be slightly lower than the modelled

0.26, due to the total gas being diluted slightly by the presence of 1 bar of anaerobic

gas present in the headspace of the SSSC. The effect of this dilution would be negli-

gible and these data strongly evidence why the medium in some 60 bar experiments
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became oxygenated and turned pink. This also suggests why the 1 bar tests run

with nitrogen did not become oxygenated to a high enough concentration to turn

the media pink. Methanogens require a redox potential of under -330 mV (Sowers

and Gunsalus, 1995), although, whether or not resazurin indicator becomes pink

at exactly this value when redox potential increases is unknown. Unfortunately it

was not possible to determine the remaining reducing capacity of reductants in the

medium for each experiment, but presumably its capacity exceeds dealing with re-

moving the O2 levels present in 1 bar tests, but falls short of dealing with the O2

levels present in 60 bar experiments. Nevertheless, more O2 would be forced into

the medium at higher pressure, increasing contact between the O2 molecules and

the redox indicator molecules. Similarly, if cells were present, more O2 would be in

contact with cells.

The mechanisms for potential aeration of brines, or other less-saline water, in the

subsurface of Mars are unknown. However, the amount of dissolved O2 is likely

to be highly variable and dissolved O2 not always present. This could mean an

abundance of habitats for anaerobic microbes exist in the subsurface of Mars, as

well as potentially habitats for aerobic life across a range of salinity tolerances.

4.4.5 No CH4 in 1 bar experiments

Media solutions present in SSSCs at 1 bar overpressure remained anaerobic but no

CH4 was detected by GC analysis throughout the experiment. O2 contamination

can therefore be ruled out as a cause of the lack of CH4 production. Equally, the

stainless steel inhibition experiments (Section 4.7) identified that stainless steel is

not an inhibitory material for methanogenesis, when in contact with the medium.

A potential explanation could be that methanogenesis did occur, but the volume

of gas transferred from the sample tube of the manifold arm (Figure 4.1) to the

gas bags was small, and therefore the abundance of CH4 was negligible and did

not increase the signal to above the calibrated noise level of 5 to 6 ppm obtained

from negative controls. The following analysis first calculates the absolute number

of moles of CH4 present in a serum vial and in a gas bag, based on hypothetical
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parameters (parameters given below). These are the two containers from which a

250 µL aliquot of headspace gas is retrieved from during the experiment. Therefore,

it is possible to determine the absolute number of moles of CH4 present in a 250 mL

syringe that would then be injected into the GC in each case.

In a fixed volume serum vial it is possible to calculate the drop in pressure due to

methanogenesis that results in 9.72% CH4 being produced and to calculate the total

moles of CH4 present. This percentage of CH4 is a realistic value both in terms of

comparative CH4 concentration in positive controls, as well as to calculate factors

using ratios based on the stoichiometric equation (Table 4.5). The total number of

moles of gas in any container can be calculated using the ideal gas law (Equation

2.2). Therefore, in a serum vial with a total volume of 125 mL, where the initial

conditions (i, in equations) are 50 mL (5 × 10−5 m3) of medium and 75 mL (7.5

× 10−5 m3) of headspace substrate gases, that are pressurised to 2 bar absolute

pressure (2 × 105 Pa), there are 6.05 × 10−3 total moles of gas initially present

(nitotal). Twenty percent of these moles are CO2 (niCO2) and eighty percent are H2

(niH2).

The stoichiometry of the conversion of CO2 and H2 to CH4 (Equation 4.3) dictates

that for 1 mole of CH4 to be produced in the headspace, 4 moles of H2 and 1 mole

of CO2 are used. Two moles of H2O are also produced, meaning that the total

number of moles of gas present in the headspace is reduced and the volume of liquid

increases, as shown in

CO2(g) + 4H2(g) → CH4(g) + 2H2O(aq) (4.3)

Using a hypothetical scenario where there are a total of 100 moles of gas as the

starting conditions, it is possible to calculate the conversion factor for the number

of moles present for each of CO2 and H2 once 9.72% of CH4 has been produced, as

demonstrated in Table 4.5. By dividing the final number of moles of each substrate

gas by their respective starting number of moles for each substrate gas a conversion

factor of 0.65 is obtained for both gases.
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Table 4.5: Number of moles (n) of each gas, water, the total number of moles of gas and percentage
of CH4 in the headspace over a number of stoichiometric iterations of Equation 4.3.

Condition H2 CO2 CH4 H2O Moles of gas CH4

(n) (n) (n) (n) (n) (%)
Starting 80 20 0 0 100 0

1 reaction 76 19 1 2 96 1.04
7 reactions 52 13 7 14 72 9.72

A number of variables can then be calculated; such as, the total number of moles of

CO2 and H2 in the final conditions (k in equations; nksubgas) can be found using

nkCO2 = niCO2 × 0.65 (4.4)

and

nkH2 = niH2 × 0.65 (4.5)

to obtain

nksubgas = (nkCO2) + (nkH2) (4.6)

In turn this allows for the number of moles of CH4 and H2O to be calculated, as

when using variables from Table 4.5 it can be deduced that the ratio of CH4 to CO2

is

nCH4factor =
7

13
(4.7)

that gives 0.54. And so

nkCH4 = nkCO2 × nCH4factor (4.8)

gives the total moles of CH4 present at the end (4.25 × 10−4 moles), and
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nktotal = nksubgas + nkCH4 (4.9)

gives the total number of gas moles present at the end. Additionally,

nkH2O = nkCH4 × 2 (4.10)

gives the number of moles of H2O present that will be assimilated into the medium.

The atomic weight of H2O is 18 g mol−1. Thus, the density of H2O can be used to

calculate the mass of water added (H2Oadded mass) to the medium using the equation

H2Oadded mass = nkH2O × 18 (4.11)

and after converting the mass to millilitres that gives an additional volume of

0.015 mL (1.53 × 10−8 m3). This gives a final volume of media of 50.015 mL (5 ×

10−5 m3) and a final head space volume of 74.985 mL (7.485 × 10−5 m3). Addition-

ally, it is possible to calculate the final pressure of the total volume of headspace

using the ideal gas law (Equation 2.2), in the final conditions of the serum vial after

9.72% of CH4 has been produced. Therefore, in a total volume of 125 mL, there is

50.015 mL of medium and 74.995 mL of headspace gases at an absolute pressure of

1.44 bar (1.44 × 105 Pa).

This demonstrates that there is a large reduction in the number of moles of gas

present from the starting conditions to the final conditions, but the increase in

volume of water is negligible and therefore does not proportionately effect the overall

pressure of the serum vial. Therefore, a large reduction in pressure is experienced

in the serum vial.

For comparison, the volume of the gas sample bags was 500 mL, and the gas bags

were squeezed to remove as much N2, from flushing, as possible from the bag. The

SSSCs are 50 mL in volume and there is 10 mL of medium and 40 mL of headspace for

substrate gases, pressurised to 2 bar absolute as the starting conditions. Assuming
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that CH4 was produced to the same concentration as the hypothetical serum vial

example given above (9.72%), then by using the ideal gas law (Equation 2.2) it is

possible to calculate that the pressure would drop to approximately 1.44 bar in the

SSSC and adjoined sample tube (1.13 mL). With these starting parameters there

would be 2.40 × 10−3 moles of total gas with 2.33 × 10−4 moles of CH4. The pressure

would not change when the valve is closed, and so in the sample tube number of

moles of CH4 present will be proportionally reduced to 6.38 × 10−6 moles. As the

pressure of the outside environment is 1 bar, the gas sample bag will only inflate to

1 bar when the valve separating the sample tube from the bag is opened. The total

number of moles could only fill 1.63 mL of volume at a pressure of 1 bar, therefore

subtracting the fixed volume of the sample tube (1.13 mL) from the total volume

gives a gas sample bag volume of 0.5 mL that are used by the gas. The ratio between

the two volumes of the two containers (1.44) can then be used as the factor by which

to multiply the total number of moles of CH4 present to give the number of moles

of CH4 present in the gas bag (4.43 × 10−6 moles).

Already, there is a large difference in the number of moles of CH4 present in the

headspace of a serum vial (4.25 × 10−4 moles) and in a gas sample bag (4.43 ×

10−6 moles). However as the volume of gas is different in each case, a different

number of moles will be transferred to a 250 µL aliquot gas syringe from each

container. As the syringe used is gas tight, gas was only present in the syringe for

a few seconds before being injected into the GC and the plunger was controlled

manually and not affected by the gas pressure, it can be assumed that the pressure

of the gas inside the syringe was the same as the pressure in the container (i.e. the

syringe removes one, 250 µL, portion of the gas from the containers). This means

that for the serum vial, a smaller portion of the total gas present will be removed

compared to from the gas bag where a larger portion of the total gas present will

be removed.

The number of moles of CH4 present in the proportional aliquots can be calculated by

dividing the total moles of CH4 present (Equation 4.8) by the ratio of the headspace

volume and the syringe volume. The ratio for the serum vial is 300 and for the gas
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bag is 2. Therefore, the number of moles of CH4 in an aliquot taken from the serum

vial is 1.42 × 10−6 moles and from the gas bag is 2.21 × 10−6 moles. Therefore, the

hypothesis being investigated using this hypothetical example is rejected, as there

are more moles of CH4 present in a single 250 µL injection into the GC from the gas

bag sample than the serum vial sample. This could suggest that methanogenesis

was not occurring in the manifold.

However, other factors that could not be mathematically derived were affecting the

gas bag sample. The gas sample bag had a small length of tubing connecting it to the

manifold (∼ 1 mL in volume) and the valve would also have a small volume (unknown

volume) that would reduce the number of moles of CH4 present in the sample bag.

Lastly, the sample bags were not vacuum pumped down after flushing with N2 and

therefore an unknown quantity of N2 could have diluted the sample by an unknown

factor. If any N2 was present, then a dilution would have occurred to the headspace

gases and that would have resulted in fewer moles of CH4 being present in the gas

sample bags. Even a small quantity of N2 remaining in the gas sample bag would

have a large dilution effect, as only a small volume of headspace gas was transferred.

This could suggest that the quantity of CH4 was, in fact, below the noise level of the

GC (low ppm concentration, as determined by negative controls here). Therefore,

the hypothesis that methanogenesis was occurring could be accepted, despite the

hypothetical modelled data suggesting otherwise. This hypothesis is supported by

data reported by Mauerhofer et al. (2021), where 80 hydrogenotrophic methanogens

were grown at 1 bar overpressure, including Methanoculleus marisnigri, using a

manifold (Pappenreiter et al., 2019). Growth vessels were pressurised with similar

grade gases as used here, suggesting that the small concentration of O2 present

was not a factor that effected methanogenesis. Growth was monitored over time

in Mauerhofer et al. (2021) using a pressure sensor attached to each growth vessel,

whereby a reduction in pressure indicated methanogenesis. Gas was collected post-

experiment to confirm methanogenesis and ensure CH4 was present, but the whole

headspace was retrieved for analysis from each vessel rather than smaller aliquots,

as was done here. Therefore, the absolute quantity of CH4 would have been higher

in Mauerhofer et al. (2021) but this is at the cost of monitoring CH4 production
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rates over time. This is a key operational requirement for the manifold constructed

here, as outlined in Section 4.3.2. It also cannot be pressurised to 60 bar.

4.4.6 Manifold follow up experiment

After manifold experiment one some cell-like structures were identified under micro-

scope (see section 4.3.6 for end of experiment procedure), although it was unclear

whether these were other non-biological components of the media that had been

stained by the L/D stain (see section 2.3.1 for staining procedure). Due to time

constraints it was not possible to setup further experiments to assess this.

Therefore, after manifold experiment two, where again the same structures were

identified in extremely low concentration, an additional growth experiment was per-

formed in ideal conditions to determine the viability of the cells present (Section

4.3.8). After 27 days, the headspace was analysed using a GC as per the proto-

cols in section 2.3.2. Figure 4.17 shows the average of three analytical replicates

injected into the GC for each individual serum vial. One serum vial for the 1 Bar

positive experiment sample was dropped and smashed, rendering this sample void.

This data shows that media setup was accurate as the positive controls produced

up to approximately 45% CH4 in the headspace. Negative controls produced values

that were much higher than previous negative samples (this experiment: between

3 and 37 ppm, previous negative samples: below 10 ppm) that suggests that ei-

ther the baseline of the GC had changed or that negative controls produced CH4.

Follow-up microscopy identified that the negative controls contained no cells and

therefore the change in output from the GC was likely due to instrument effects.

Positive experiment samples, that were derived from pellets produced from the man-

ifold experiment, also contained a higher concentration of CH4 than expected if no

cells are present (between 71 to 1150 ppm). Follow-up microscopy identified that

there were more cells present in the cultures than at the start of the experiment

and therefore some methanogens survived in an oxygenated environment for ap-

proximately 5 weeks. Furthermore, they remained viable and were able to grow and

metabolise once transferred to ideal conditions. As the negative controls remained
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negative, contamination of the SSSC follow-up cultures when setting the experi-

ment up can be ruled out. Previous work identified that methanogens can survive

for up to two hours in oxygenation conditions of an ambient environment (McAllister

and Kral, 2006). Some strains of methanogens (within the genera Methanosarcina,

Methanocella, Methanobacterium and Methanobrevibacter) have also been identi-

fied in aerated soils all around the globe (Angel et al., 2012). This suggests that

methanogens might possess the necessary resistance mechanisms to survive O2 stress

and supports the hypothesis that methanogens can survive in an oxygenated envi-

ronment for long time periods.

Figure 4.17: Plot showing the CH4 concentration produced by cells present in arm ”a” and ”b” at
the end of manifold experiment two (at both 1 and 60 bar) when grown in fresh media in optimal
conditions for 27 days. Negative (-) and positive (+) controls were also run in triplicate (a, b and
c) at 1 bar (”1”). n = 3 and represents triplicate aliquots run in the GC (except ”1/-/a”, that is
n = 2).
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Chapter 5

Methane production by a

methanogen in a simulated

martian environment

5.1 Introduction

Chapter 4 focused specifically on simulating the thermo-physical conditions of sub-

surface Mars using a custom-built piece of equipment. This chapter builds on that

by separately focusing on simulating the potential chemical conditions of a more con-

strained depth range of the martian subsurface (5 to 10 m) and assessing whether

methanogens are metabolically active in that environment. As yet no investigations

have been undertaken to establish whether a methanogen could survive in a con-

temporary martian chemical subsurface environment. The chemical environment

of the subsurface can be described by four major factors, the gas composition in

the pore spaces, the composition of the rock column and regolith, the composition

of hypothesised water and, for some rare species in the martian rock record, the

organic composition of extraterrestrial material delivered throughout Mars’ history.

The latter three factors are discussed below to give context to the factors that will be

simulated in this chapter to achieve proposed conditions of the martian subsurface

chemical environment.
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The objective in this chapter is to simulate the chemical conditions (i.e. regolith, wa-

ter and organic compositions) of the near-surface, subsurface of contemporary Mars,

and grow a methanogen in that simulated environment to assess if the environment

is inhibitory to methanogenesis. It is hypothesised that in the presence of a simu-

lated martian regolith, simulated martian brine, Mars-relevant organic compounds,

or the presence of all factors, Methanothermococcus okainawensis can be metaboli-

cally active and methane produced (discussed below). It is also hypothesised that

other VOCs (e.g. ethane) will be produced to detectable levels concurrently with

methanogenesis, in simulated martian conditions.

5.1.1 Factors controlling the martian regolith composition

The crust of Mars extends to a depth of approximately 24 to 100 km (Wieczorek,

2004; Nimmo and Tanaka, 2005; Baratoux et al., 2014; Knapmeyer-Endrun et al.,

2021) and is predominantly basaltic (Taylor and McLennan, 2009), with surface

rocks comprising of iron-enriched tholeiitic basalts, based on thermal spectroscopic

data obtained from orbit (McSween, 2009). In situ evidence also shows localised

alkaline (K and Na rich mineralogy such as Feldspars), andesine basalts (McSween

et al., 2006a; Ruff and Christensen, 2007) and basalts containing olivine minerals

similar to ones found in olivine-phyric shergottites (a martian meteorite; McSween

et al., 2006b), in Gusev crater. Similar alkaline basalts have been observed in situ

in Gale crater (McLennan et al., 2014). More evolved igneous rocks may also be

present in highly localised regions, such as was shown in Nili Patera (Fawdon et al.,

2015). Subsurface physico-chemical conditions are likely to differ from surface con-

ditions, as the surface is considered uninhabitable but the subsurface is potentially

habitable, as discussed in Section 1.3.1. With no evidence of plate tectonics, mate-

rial recycling between the surface and subsurface is limited. However, impacts could

expose subsurface material to surface conditions through excavation. As discussed

in Chapter 4, the temperature differs in the subsurface compared to the surface. The

chemical parameters of the subsurface can only be constrained by indirect methods

but the composition of the surface environment has been relatively well documented
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through direct observation (e.g. Picardi et al., 2005; Ehlmann et al., 2008, 2009,

2010), which can be used to make inferences regarding the subsurface.

It is also possible to study the chemical composition of the upper portion of the

martian crust by examining material that bas been ejected from the planet and

subsequently travelled to Earth (Daubar et al., 2013). These martian meteorites

are partially representative of the upper portion of the martian subsurface, except

they have experienced temperature alterations during both the ejection event and

entry into Earth’s atmosphere. They are also not representative of the whole martian

crust, which is heterogeneous and differs between older and younger crust (McSween,

2009). Martian meteorites come in five groups, with the shergottites, the nakhlites

and chassignites as well as the pyroxenite ALH84001 being magmatic rocks, and

the fifth group being crustal breccias (e.g., “Black Beauty”). The shergottites are

the largest group and are more representative of younger crust (Mittlefehldt, 1994;

McSween, 2009; Agee et al., 2013), and they do not contain sedimentary rocks similar

to the rocks found by the Opportunity rover mission (Squyres et al., 2004).

Additionally, clays have been identified from orbital analysis and are more represen-

tative of older crust, forming due to water-rock interactions during Mars’ Noachian

period (Ehlmann et al., 2013). Orbital data has identified a wide variety of smectites

and other phyllosilicates (McLennan et al., 2012).

Six martian rovers or landers have analysed the martian regolith at the specific land-

ing site for each rover or lander (Arvidson et al., 2010, 2011; Vasavada et al., 2014).

Whilst the regolith composition at each site is unique to that landing site, the major

oxides are within 3.5wt% of the averaged values for each oxide (except iron (Fe) and

sulphur(S)), and oxide abundances at the Rocknest sample site within 2.5wt% of

the averaged values (except Fe and S), and therefore the Rocknest chemistry can

be used to construct a general contemporary Mars simulant regolith (Ramkissoon

et al., 2019). The construction of the simulant regolith will be discussed further in

Section 5.3.3.
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5.1.2 Factors controlling the chemical composition of hy-

pothesised martian subsurface water

Section 1.3.1 gives information regarding the possible presence of water and the

features that are used as evidence for the presence of past and present water. In-

troduced here are the factors that control the chemical composition of hypothesised

water environments on Mars.

The localised chemical composition of rock will affect the type of dissolution prod-

ucts present in water (Ramkissoon et al., 2021). The temperature, pH, and fluid

composition of the water, as well as the pressure of the environment, will control the

dissolution rate (Olsson-Francis et al., 2017). This means that the contemporary

brine environment is likely to be different to ancient brine systems on Mars, that

have been shown to be potentially habitable for a range of bacterial species based

on sampling from sites thought to be analogous to ancient Mars brine systems (Kel-

brick et al., 2021), although methanogens were not found in the samples. It has also

been shown that some microbial communities can survive a change in water activity

during brine evaporation cycles, but that the same communities are sensitive to high

concentrations of multivalent ions, such as those found as the primary ions on Mars

(e.g. Mg2+, Fe2/3+, and SO 2−
4 (Fox-Powell et al., 2016).

Serpentinisation is an example of a water-rock reaction that can produce a number

of different end-products (Oze and Sharma, 2005). Serpentine has been found on

Mars (Ehlmann et al., 2010; Wray and Ehlmann, 2011), which is evidence for its

formation in the geologic history of Mars, but it is likely occurring in the subsurface

to this day (Section 1.4.5).

Brines are plausible for Mars both on the surface (Rivera-Valent́ın et al., 2020),

where they were observed to deliquesce on the lander arm of the Phoenix lander

(Rennó et al., 2009; Gough et al., 2011a) and potentially in RSL (Ojha et al., 2015),

as well as in the shallow and deep subsurface (Mart́ınez and Renno, 2013). The

brine selected for use here (detailed in Section 5.3.4) also reflects the fluid compo-

sition hypothesised to be present in brine/groundwater present in the subsurface

208



below Rocknest (Ramkissoon et al., 2021). To match the localised context, the rock

composition used for the regolith in this study is representative of the composition

at Rocknest, in Gale crater (Ramkissoon et al., 2019).

5.1.3 Carbonaceous chondrites

As mentioned, the third factor potentially controlling martian subsurface chemical

conditions is the delivery of extraterrestrial material. Here the focus will be on the

organic component of the extraterrestrial material, and specifically carbonaceous

chondrite (CCs) class meteorites.

CCs are a rare type of stony meteorite that contain up to 5wt% of organic carbon

material (Pearson et al., 2006) and are generally unaltered since their production

during the formation of the solar system (Weisberg et al., 2006). CCs are grouped

based upon matching characteristics (e.g. chemistry, petrology, density and organ-

ics) to a dominant meteorite. Mighei-type CCs are the second most carbon-rich

CCs and contain between 2 to 4wt% carbon (Pearson et al., 2006) in a fine-grained

matrix (∼70 vol.%; Weisberg et al., 2006), but likely originate from different parent

bodies (Lee et al., 2019). A Mighei-type CC was selected for use in this study as a

source of organics that could potentially be present on Mars as, CCs fall onto both

Earth and Mars. The selection of a Mighei-type CC is discussed further in Section

5.3.2.

5.1.4 Search for organics on Mars

In addition to CO2, which is the major component of the atmosphere, there is evi-

dence for other carbon compounds on Mars, including organic carbon. An estimated

2.4 × 105 kg of organic carbon per year is delivered to the martian surface from ex-

tramartian sources (Flynn, 1996). Initially no organic material was detected by the

Viking GC-MS instrument (Biemann, 1979), which implies that any organic material

delivered to the surface was destroyed soon after deposition onto Mars. However,
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reanalysis of the Viking results, which did not take into account the presence of per-

chlorate, led to the interpretation that previous compounds attributed as products

of contamination were in fact of native martian origin, such as chloromethane and

dichloromethane (Navarro-González et al., 2010).

Some martian meteorites are known to contain organic material (Sephton et al.,

2002), such as poly-aromatic hydrocarbons (PAHs), macromolecular carbon, graphite

and aromatic organics, formed by a number of processes both on Mars and in ex-

traterrestrial material that is then delivered to Mars (Steele et al., 2016). Due to the

presence of high molecular weight organics (Sephton et al., 2002), a complex carbon

cycle that includes large molecules that are preserved within the upper portion of

the subsurface could be inferred on Mars. However, evidence suggests that high-

molecular-weight organic material was delivered to the surface rather than produced

on Mars as it is comprised of similar types of organic phases found in CC material

(Sephton et al., 2002). Recent evidence suggests that more complex organic ma-

terial could have a martian origin, formed from water-rock interactions involving

carbonisation of minerals and serpentinisation (Steele et al., 2022). Some recently

detected organics are thought to be transient and not associated with the mineral

assemblages they were sampled from (Scheller et al., 2022), suggesting a more com-

plex organic distribution process than previously thought. Further analysis also

showed that only approximately 20% of the organics present in some meteorites is

of a martian origin (e.g. in Allan Hills 84001; Steele et al., 2016). More specifically,

Benner et al. (2000) demonstrate that organics detected by pyrolysis of native mar-

tian samples show that the surface regolith could potentially contain up to 500 ppm

of benzenecarboxylates.

Organics have been detected by the MSL rover, in Gale crater. Organics found in

Gale crater have been preserved in mudstone. Initially, the presence of reported

chlorinated organics was attributed to reagent contamination (Ming et al., 2014).

However, further analysis of these results suggested that chlorobenzene and C2 to

C4 dichloroalkanes analysed with the SAM MLS gas chromatography-mass spec-

trometer (GC-MS) are likely produced in pyrolysis experiments from organics and
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perchlorates of martian origin, (Freissinet et al., 2015). A range of organics (in-

cluding benzothiophene) have also been detected in this martian mudstone and are

attributed to native martian organic material with an extended lifetime due to the

presence of sulphur (Eigenbrode et al., 2018). Organic material has also been de-

tected in Jezero crater by the Perseverance rover that is hypothesised to be either

1- or 2-ring aromatics, potentially transient, and have been aqueously altered, sug-

gesting that brine environments might preserve organics (Scheller et al., 2022).

5.1.5 Non-metabolic VOCs and/or chemical inhibitors

In addition to metabolically produced methane, it is possible that methanogens

could co-produce additional VOCs in the presence of other organics, as long as

they are not inhibitory to methanogenesis. Methanothermobacter thermautotroph-

icum de-chlorinates 1,2-dichloroethane, with ethene as the resultant VOC dur-

ing hydrogenotrophic methanogenesis (Egli et al., 1987), demonstrating that this

methanogen has the ability to biotransform compounds and it was suggested that

catalysis resulted from enzyme activity and not non-specific cellular reactions (Egli

et al., 1987). This suggests that methanogens potentially possess the molecular

framework to biotransform non-substrate compounds to form additional VOCs in

conjunction with metabolic methane. If methanogens are present in the subsurface

of Mars, potentially they too can biotransform non-metabolic compounds and pro-

duce additional VOCs, that could be detected by orbiters if the concentration is

high enough.

There is a known set of chemical inhibitors to methanogenesis (e.g. Webster et al.,

2016) and therefore investigating the inhibitory effect of meteorite material is akin to

determining whether any of these known inhibitors are present in a typical Mighei-

type meteorite sample. Similarly when including additional, individual compounds

that have not been explicitly shown to be inhibitory to methanogenesis, that is

akin to assessing if these compounds should be included in the list of inhibitors or

whether the products produced in the unique chemical environment of subsurface

Mars are inhibitory. An inhibitory effect is important to determine as if the presence
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of common meteoritic organic material or a Mars-relevant compound is inhibitory

to either the survival or the metabolic activity of this strain then this could indicate

that the martian chemical environment is inhibitory to some, or all, life.

This chapter presents data from experiments that combine the major factors that

control the chemistry of subsurface martian environments. A simulant regolith was

used (Ramkissoon et al., 2019) that simulates the general composition of the martian

regolith, a brine was used (Ramkissoon et al., 2021) that simulates the hypothesised,

modelled, composition of subsurface martian water in the Rocknest region, and a

CC was used to simulate the extraterrestrial material that impacts Mars, delivering

organics. A methanogenic strain was then grown in the simulated environment and

methane production quantified and compared against positive controls. A search for

other peaks in the GC output also took place to determine if the simulated martian

environment altered the GC signature significantly.

5.2 Impact of covid-19, and other factors, on this

data chapter

Due to delays in running experiments for Section 4, which itself was severely im-

pacted by Covid-related delays, the experiments performed in this chapter were

scaled back due to time constraints. The major implication of this descoping was

the use of a hydrogenotrophic methanogen instead of a methylotrophic methanogen.

Hydrogenotrophic methanogens do not use organic compounds for energy produc-

tion or growth. However, the time it takes for a methylotrophic methanogen to

grow made using a strain in this metabolic category non-conducive to the time-

frame. Therefore, this altered the context of the experiment slightly, switching the

focus to confirming whether methane production occurs in the simulated subsurface

environment uninhibited and whether potentially additional biotransformation was

occurring, instead of whether a methanogen could specifically use Mars relevant or-

ganic sources as metabolic substrates. Originally, the scope of the science question

involved using a GC-MS instrument and optimising it to detect other VOCs pro-
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duced by cultures in the simulated subsurface environment. The VOC producing

the additional GC peak/s would have then be identified and cross-referenced with

an IR-spectroscopy tool to determine if the compound absorbed in the IR-spectral

range. This information would have then been provided to the ExoMars NOMAD

instrument team to add to the search for these compounds during IR-spectroscopic

sounding of the martian atmosphere. However, this was not possible as the quali-

tative assessment that took place to determine if any other additional peaks were

present during GC-FID analysis was not able to identify the type of compounds

present.

Another major impact of Covid-19 on the experiments performed in this chapter is

that the experiments were delayed to the latter stages of the PhD, and crossed over

into an unfunded period. Therefore, for financial reasons, it was not possible for the

author to be present when all experiments were performed, due to moving away from

the university campus. Instead a small group of laboratory technicians (Anthony

S., experiment setup; Ben S., GC analysis; and Nisha, P., GC analysis) were also

involved in experimental setup and data collection for the final experiment.

5.3 Methods

In order to simulate the chemical conditions of subsurface Mars, four factors were fo-

cused on, the regolith composition, the liquid water composition, the organic content

and the gas composition. In order to investigate whether the chosen methanogenic

strain was able to grow in the simulated environment these factors were combined

in a simple growth experiment to determine if: (1) the methanogen was able to

produce methane, (2) the methanogen produced a similar concentration of methane

over a similar timeframe compared to positive controls and (3) whether any other

VOCs were produced.

Methods described here are information pertaining to the chosen strain of methanogen

and conditions for ideal growth, how the chosen organic simulant material was ob-

tained and prepared, how the simulant regolith was prepared and how martian sub-
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surface water was simulated. Following this are the analytical methods, preliminary

experiment details and lastly, as prerequisite information is required, the overall

experimental design is given (including how the experimental design was amended

significantly between the first batch and second batch of experiments).

5.3.1 Strain, growth medium and growth curves

When ideal growth conditions were required for sub-culturing and for producing pos-

itive controls, a modified 282 medium (Section 2.2.3) was used to grow Methanother-

mococcus okinawensis (see Section 2.2 for information about this strain). However,

initial tests identified that the buffer sodium bicarbonate (NaHCO3) was insufficient

as a pH buffer for the preferred pH of the media (pH 6), as its buffer range is much

higher. Therefore, phosphate buffer saline (PBS) was added as a buffer that more

successfully buffered the media at pH 6 (Composition in Table 5.1; Fisher Scien-

tific, UK, 12821680). Growth conditions for experiments that varied from the ideal

growth conditions are described below. As mentioned in Chapter 2, Methanoth-

ermococcus okinawensis is a hydrogenotrophic methanogen and therefore required

CO2 as a carbon source and H2 as an electron donor, that were added as a gas to

the headspace.

Table 5.1: Composition of a single PBS tablet used as a buffering agent in media

Component Quantity
(mM)

Sodium Chloride 137mM
Phosphate Buffer 10mM

Potassium Chloride 2. 7mM

5.3.2 Organic material present in experiments

In order to simulate the presence of organics that are hypothesised to be present

in the subsurface of Mars (as discussed above in Section 5.1.4), a meteorite was

obtained that represents a type of material that falls onto Earth, and is likely to

fall onto the surface of Mars, and deposit organic material present. Additionally,
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three Mars-relevant organic compounds were chosen to investigate their individual

inhibitory effect (discussed further in Section 5.3.2). However, despite the fact that

the chosen strain cannot feasibly use the organic material present in the meteorite

as a carbon source, the presence of organics could potentially be inhibitory to the

growth of the strain.

Aguas Zarcas Mighei-type-2 carbonaceous chondrite

Aguas Zarcas was the meteorite chosen as the material to simulate the presence of

organics present on Mars. Aguas Zarcas is a Mighei-type-2 CC meteorite that was an

observed fall in August of 2019. The fall occurred in a populated portion of rainforest

in Costa Rica. Despite the fact that the impacts were into other organic material, as

well as dwellings, the sample is regarded as well preserved. However, some terrestrial

contamination is likely to have occurred, based on amino acid analysis (Glavin et al.,

2020). It was selected for this study as it was likely to have a relatively high content

of organics, based on previous assessment of this type of chondrite (Pearson et al.,

2006).

This selection of this particular meteorite was primarily based on three factors, in

descending importance: (1) the presence of organics was imperative for answering

the hypothesis and therefore the chondrite needed to contain, or likely contain, or-

ganic components. The presence of some amino acids has been confirmed (Glavin

et al., 2020); (2) cost was a major factor as many cheaper samples were finds rather

than observed falls, meaning they were more likely to be contaminated with ter-

restrial organics, and more pristine, highly characterised samples were prohibitively

expensive; (3) the availability of chondrite material was also a factor to be conducive

to the timeline of the project.

The characterisation of the organics is not important to answering the hypothesis of

this chapter because the context for the research question is whether the material as

a whole is inhibitory to methanogenesis, or not. A few individual organics were also

investigated for their potential inhibitory effect; they have been detected on Mars

215



but have not been confirmed to be present within the CC material (see Section

5.3.2).

Sample acquisition and storage

Approximately 21 g of sample was acquired from SkyFall meteorites, USA. The

sample was sent in plastic zip-lock bag inside a plastic container. The sample was

stored in a dedicated meteorite storage facility (Class 10000, ISO class 5).

Sample preparation

The clean-room that all sample crushing took place in was within the meteorite stor-

age facility. Double layered foot protection, a full body protective suit, a protective

hood and gloves were worn at all times when handling the sample in the clean-room.

The sample arrived in smaller chunks rather than one whole piece. A piece that

weighed just over 5 g was crushed using an agate pestle and mortar that had

first been cleaned using a wet (water), non-linting cloth (Alcon Gold), then by iso-

propanol alcohol (IPA). A few grams of high purity quartz was then crushed using

the pestle and mortar until the colour changed to grey, indicating that some of the

agate material had been removed and was clean and free of loose agate material. It

was then cleaned with IPA once again, followed by sonication in 18.2 Milli-Q water

for one hour, then rinsed three times with Milli-Q water. It was then stored in an

oven at 150◦C until use.

Before crushing of the sample, the pestle and mortar were allowed to cool in the

clean-room until cool enough to touch. The sample was soft and smaller fragments

were broken off using a geology hammer wrapped in foil (to limit contamination of

the hammer with small quantities of material). The small fragments were crushed

by slowly turning the pestle in the mortar until a fine powder consistency had been

reached. The crushed sample was then poured onto a piece of fresh foil that had

been folded to provide a seam. This allowed for the sample to travel down the seam
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into a small phyllosilicate glass container. A lid was used to secure each container

when full.

Crushed CC material was weighed (into 250 µg aliquots) using a plastic weigh

boat. Due to my unavailability (discussed in Section 5.2), a technician (A. Scales)

performed the task of weighing out the CC material. The technician performing

the task wore appropriate personal protection equipment, such as gloves and a face

mask, to minimise the risk of contamination.

Selection of individual organics

As mentioned above, the CC material has not been characterised well enough to de-

termine the presence of individual organic compounds, with the exception of amino

acids (Glavin et al., 2020). Therefore, in order to investigate if a small selection

of Mars-relevant organics (Table 5.2) were inhibitory to methanogenesis, they were

also added to some experiments. As discussed below, these organics have relevancy

to Mars. How the organics were used in experiments is given in the experiment

design section, later on in this Chapter.

Table 5.2: Mars-relevant organics chosen as organic simulant for experiments

Organic Note
Amino acids All 20 proteinogenic amino acids

selected are left enantiomers
Oxalic acid Reducing agent

Benzothiophene Aromatic sulphur-bearing species

Amino acids

Proteinogenic and non-proteinogenic amino acids have been detected in martian

meteorites (Glavin et al. 1999), as well as in CCs (Glavin et al., 2020), comets

(Wooden and Stroud, 2018) and potentially in cometary dust (Zahnle and Grin-

spoon, 1990), all of which could have impacted the surface of Mars over geological

time. This suggests that amino acids could be present on the surface of Mars if

protected within the subsurface from gamma radiation (Ertem et al., 2021), ionising

radiation (Kminek and Bada, 2006) and oxidising chemistry (Liu and Kounaves,

2021) that is present on the surface.
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Oxalic acid

Oxalate minerals, including solid oxalic acid, are inferred to be present on the surface

of Mars based on reinterpretation of pyrolysis experiments conducted by the Viking

landers, and the Phoenix and MSL rovers (Applin et al., 2015). High concentrations

(several hundred ppm) of oxalic acids present in the Murchison CC (Lawless, 1974)

suggest that a large abundance of oxalic acid has been delivered to Mars (Applin

et al., 2015). It is highly soluble in water (143 g/L at 25◦C), and given the likeli-

hood for a higher abundance of oxalic acid, it could be present in the liquid water

putatively available in the subsurface.

Oxalic acid is a biodegradable acid in methanogenic cultures (Wang et al., 1989).

However, it is likely that the methanogens present in the culture are either methy-

lotrophic or the biodegradation is achieved by other microbes in the culture.

Benzothiophene

Sulphur-bearing organic molecules have been found on Mars, in the form of thio-

phene derivatives (Eigenbrode et al., 2018). The sulphur present is thought to sta-

bilise organic molecules for geological time periods (Eigenbrode et al., 2018) poten-

tially meaning that up to approximately 5% of the organic molecules on Mars are

sulphur bearing (Heinz and Schulze-Makuch, 2020), making them a likely organic

to be present within any liquid water that might be present within the subsurface

of Mars. Therefore, sulphur-bearing organics are an excellent choice of potential

Mars-relevant compound to test for inhibition of methanogenesis in a chemically

simulated martian subsurface environment.

However, due to the low melting point of thiophenes (∼9◦C) they are difficult to

use in a laboratory environment as ideally they would be added as a solid to exper-

iments to allow for extra control over the water content. Therefore, benzothiophene

has been selected, that structurally is a thiophene with an additional benzene ring

attached.

Little work exists on the growth of methanogens in the presence of benzothiophene.

However, it is unlikely that a hydrogenotrophic methanogen would use organic

molecules for methanogenesis and therefore this study will focus primarily on the in-
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hibitory or stimulatory effect this compound might have. Additionally, experiments

to determine if additional VOCs are produced when benzothiophene is present will

give further insight into whether a gaseous, indirect, biotic signature can be seen.

5.3.3 Simulating the martian regolith

In order to simulate the chemistry of the martian regolith that is present on the

surface, and within the pore space of the upper subsurface, a simulant was repro-

duced based on the chemistry of Gale crater (OUCM-1; Ramkissoon et al., 2019).

Therefore, it represents a contemporary composition that matches the context of

potentially active methanogenic microbes present in the subsurface.

Martian simulant regolith

All minerals were either obtained from the same source as Ramkissoon et al. (2019)

or were from the same stock acquired by them, with the exception of anorthosite.

OUCM-1 has a set mineral composition (Table 5.3) where the proportions were

selected by Ramkissoon et al. (2019) in order to possess a particular chemical com-

position. It was assumed that all minerals except anorthosite were compositionally

similar to those found in Ramkissoon et al. (2019). However, if the major element

composition was fundamentally different between the anorthosite obtained for use

here versus the anorthosite used in Ramkissoon et al. (2019), then different pro-

portions would be required. Due to this, the anorthosite required characterisation.

This would then allow for the correct proportion of anorthosite, relative to the other

minerals used to reproduce OUCM-1, to be included.

Anorthosite is a rock that is regularly mined on Earth but is difficult to obtain

in large quantities, meaning none remained of the sample acquired by Ramkissoon

et al. (2019). Twenty kilograms was acquired for this study and was sourced from

Norway (Innstifjellet mine, Norwegian Edelsplitt AS, Norway). The anorthosite was

characterised using the same techniques as described in Ramkissoon et al. (2019).
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Table 5.3: Proportion of each mineral used to construct the final simulant regolith

Rock or Chemical formula Proportion
mineral (wt%)
Fe-silicate Fe2+ a 30
Phono-tephrite 40
Quartz SiO2 3
Olivine (Mg, Fe)2SiO4 8
Anorthosite 7
Wollastonite CaSiO3 3
Pyrite FeS2 4
Magnetite Fe2+Fe3+2 O4 3
Apatite Ca5(PO4)3(F, Cl, OH) 1
Gypsum CaSO4 · H2O 1

a The aim is to achieve an Fe2
+ iron composition. The rock selected was comprised of fayalite,

amorphous glass and augite, with traces of magnetite, copper and zinc.

Mineral crushing

Minerals were crushed to achieve desired grain sizes using the crushing facilities at

the Open University, UK. Large mineral samples were first cut using a hand crusher.

All minerals were then crushed to a large grain size sand texture using a jaw crusher

(Figure 5.1). Finally all minerals were then crushed for 10 minutes in a ball mill to

produce a fine sand to silt texture (Figure 5.2).

(a) (b)

Figure 5.1: Manually operated equipment used in the crushing of rocks and minerals. a; Hand
crusher, b; Jaw crusher.
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(a) (b)

(c)

Figure 5.2: Automated equipment used in the crushing of rocks and minerals. a; Ball mill instru-
ment, b; Single ball mill container and internal milling balls, c; Partially-milled sample mid-way
through process of milling.

Mineral sieving

Once crushed, all minerals were sieved to a grain size of between 63 µm to 212 µm

and used as the sample material to make the bulk regolith that matched a similar

range of a grain size population determined from analysis of sediment in Gale Crater

(50 µm to 250 µm; Weitz et al., 2018)). Material that was sieved to less than 63 µm

was used for further analysis to confirm elemental composition (described in Section

5.3.3).
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Anorthosite characterisation

Sample preparation

For measurement in the electron microprobe and scanning electron microscope,

anorthosite grains were mounted into an epoxy resin block that was polished and

coated with carbon using a carbon-coating machine (Emitech K950x, France) to a

thickness of 30 nm, which was confirmed with concurrent coating of a brass cal-

ibration disk which colours differently depending on the carbon-coating thickness

(Figure 5.3).

(a) (b) (c)

Figure 5.3: Carbon coating of anorthosite epoxy-resin blocks. a; pre-carbon coated resin blocks and
a calibration brass disk. b; post-carbon coated resin blocks and calibration disk. c; colourmetric
calibration is dependent on carbon coating thickness on the brass disk.

Electron probe microanalyser (EPMA)

An EPMA (Cameca SX 100, installed at the Open University) was used as a quan-

titative assessment of composition, This analytical instrument uses Wavelength Dis-

persive Spectroscopy (WDS) to quantify the concentration of chemical elements in a

small volume of material, by measuring the characteristic X-rays emitted from that

volume. The analysed spots were 10 µm in diameter, as beam was set to defocussed.

Spot analysis from selected grains within the anorthosite sample were collected, and

were chosen to represent all of the possible mineral phases present within the sample.

In total 239 sample sites were chosen and data collected using a 10 µm defocussed
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beam at 20 kV/20 nA. Standards were used for calibration (feldspar (Si, Al and K),

jadeite (Na), fluorite (F), forsterite (Mg), bustamite (Mn and Ca), willemite (Zn),

sylvite (Cl), barite (S in silicate and sulfates), haematite (Fe in oxides and silicates),

pyrite (S and Fe in sulphides), rutile (Ti), Cr2O3 (Cr), Cu metal (Cu), YPO4 (P and

Y), and zirconia (Zr)) with detection limits (element wt%) of Si (0.01), Na (0.03), F

(0.05), Mg (0.02), Al (0.01), K (0.01), Mn (0.03), Zn (0.04), Ca (0.01), P (0.03), Ti

(0.03), Cr (0.08), Cu (0.03), Zr (0.23), Y (0.15), Cl (0.02), S in silicates and sulfates

(0.02), and Fe in silicates and sulfates (0.03). Ramkissoon et al. (2019) identified

two individual mineral phases within the anorthosite they sourced, albite and ziosite,

when they produced this regolith using a different anorthosite sample. Ablite is a

plagioclase feldspar, whereas ziosite is a metamorphic mineral formed from plagio-

clase, therefore, contributes additional elements such as iron and magnesium, on top

of the plagioclase feldspar elements sodium (Na), calcium (Ca) and potassium (K)

are potentially missing from the final composition if not compensated for. EPMA

confirmed that all minerals within the anorthosite used here are plagioclase feldspar

and include albite, oligoclase, andesine and anorthite (Figure 5.4), where the pro-

portions of Na, Ca and K are determined by the end-member proportions, which

are anorthite (An), albite (Ab) and orthoclase(Or) (An41Ab57Or2). Therefore, they

have approximately the same K content, but different Na and Ca contents.
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Figure 5.4: Plagioclase feldspar triplot showing the individual minerals that make up the mineral
group. EPMA data are shown as red diamonds with a white border and plot along the Na, Ca
gradient with very little K present. One data point sits within the miscibility gap in which stability
cannot be achieved. This most likely indicates a datapoint that is an andesine for which the K
value was overestimated.

Scanning electron microscopy (SEM)

To verify that the selected EPMA target points were representative of the whole

sample SEM (Quanta 200 3D SEM, FEI, Thermofisher, installed at the Open Uni-

versity) was used to determine the energy dispersive x-ray spectroscopy (EDS) map

of the whole sample. The element maps were produced with the settings of 20 kV

accelerating voltage, 1.2 nA current, 15 mm working distance, and backscatter elec-

tron (BSE) images were acquired simultaneously as reference. Eighty-one SEM map

frames (As per item c in Figure 5.5) were produced and stitched together to pro-

duce an SEM-EDS map (Item a and b in Figure 5.5). The sum EDS spectrum of

the whole sample was extracted using Oxford Instruments Aztec v.5.0 software, and

used as a bulk chemical analysis of the sample (item b in Figure 5.5) (AZtec v.5.0,

Oxford Instruments). Results obtained by SEM were compared to Ramkissoon et al.

(2019) to assess if they produced similar data (Table 5.4) and shows that data were

within 6.27 wt% for all major oxides.
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Table 5.4: Comparison of SEM-EDS determined anorthosite bulk chemistry with target anorthosite
bulk chemistry

Major oxides Full map EDS data Ramkissoon et al. (2019) EDS data Difference
(wt%) (wt%) (wt%)

Na2O 6.57 4.64 1.93
Al2O3 26.27 27.49 -1.22
SiO2 58.65 52.96 5.69
Cl 0.00 0.14 -0.14

K2O 0.85 0.28 0.57
CaO 7.35 13.62 -6.27
TiO2 0.00 0.04 -0.04
Cr2O3 0.00 0.02 -0.02
FeO 0.31 0.53 -0.22
Total 100 99.72 -

225



F
ig
u
re

5.
5:

A
n
or
th
os
it
e
S
E
M

im
ag
es

as
sh
ow

n
in

A
zt
ec
.
a,

th
e
fu
ll
S
E
M

m
a
p
;
b
,
th
e
b
a
ck
sc
a
tt
er

S
E
M

im
a
g
e
w
it
h
el
em

en
t
sp
ec
ifi
c
co
lo
u
ri
n
g
la
ye
re
d
ov
er

th
e
to
p
;
c,

a
n

ex
am

p
le

of
a
si
n
gl
e
fr
am

e
th
at

co
n
ta
in
s
10
0%

of
sa
m
p
le

w
it
h
in

th
e
fr
a
m
e.

F
ra
m
es

a
ro
u
n
d
th
e
ed
g
e
m
ay

n
o
t
co
n
ta
in

o
n
ly

sa
m
p
le

w
it
h
in

th
em

b
u
t
a
ls
o
a
lu
m
in
iu
m

fo
il
o
r

ev
en

d
ea
d
sp
ac
e.

T
h
os
e
ar
ea
s
h
av
e
to

b
e
d
es
el
ec
te
d
an

d
om

it
te
d
fr
o
m

a
n
a
ly
si
s;

1
,
th
e
li
g
h
t
co
lo
u
re
d
b
a
n
d
a
ro
u
n
d
th
e
o
u
ts
id
e
th
a
t
is

m
a
d
e
o
f
a
lu
m
in
iu
m

a
s
a
n
al
u
m
in
iu
m

fo
il
w
as

u
se
d
to

w
ra
p
th
e
sa
m
p
le
;
2,

th
e
m
an

u
al
ly

ch
os
en

b
ou

n
d
s
o
f
th
e
a
re
a
to

sa
m
p
le

th
e
sp
ec
tr
a
fo
r,

w
h
ic
h
ex
cl
u
d
es

th
e
a
re

o
u
ts
id
e
o
f
th
e
sa
m
p
le

a
n
d
th
e
al
u
m
in
iu
m

fo
il
;
3,

th
e
ep

ox
y
m
at
ri
x
of

th
e
sa
m
p
le

b
lo
ck
;
4,

an
ex
am

p
le

m
in
er
a
l
g
ra
in

o
f
th
e
sa
m
p
le
.

226



SEM-EDS whole map data was ultimately used to calculate the proportion of

anorthosite relative to the other components used to make the simulant. The whole-

map data were not significantly different from the averaged data from all analysed

map frames, as well as the EPMA data, but this sample represents the whole sample

rather than a limited number of pointings (Table 5.5).

Table 5.5: Comparison of anorthosite EPMA and SEM-EDS data

Major oxides EDS data EPMA data Difference
(wt%) (wt%) (wt%)

Na2O 6.57 6.62 -0.05
Al2O3 26.27 25.46 0.81
SiO2 58.65 58.12 0.53
Cl 0.00 0.007 -0.007

K2O 0.85 0.29 0.56
CaO 7.35 8.61 -1.26
TiO2 0.00 0.06 -0.06
Cr2O3 0.00 -0.0007 0.0007
FeO 0.31 0.26 0.05
MgO - 0.01 -0.01
MnO - 0.004 -0.004
SO2 - 0.001 -0.001
P2O5 - 0.02 -0.02
Total 100 99.449 -

Calculating regolith composition

Once the anorthosite characterisation had been completed, the proportions of each

mineral required to match the target chemistry could be calculated. Despite the rela-

tively large differences in wt% (up to 6.27 wt%) for some oxides between anorthosite

characterised here compared to Ramkissoon et al. (2019), using the same propor-

tions for each mineral as given in Ramkissoon et al. (2019) indicated that the re-

golith should match the target chemistry to within 2wt% for all elements (Table

5.6). Therefore, these proportions were selected.
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Table 5.6: Comparison of regolith chemistry between SEM-EDS data obtained here and the
target regolith chemistry

Major oxides Total EDS data aRocknest composition Difference
(wt%) (wt%) (wt%)

Na2O 3.50 2.53 0.97
MgO 6.16 5.24 0.92
Al2O3 9.99 9.68 0.31
SiO2 44.84 44.62 0.22
P2O5 0.46 0.64 0.14
SO3 3.73 5.54 -1.81
Cl 0.12 0.92 -0.8

K2O 2.42 1.14 1.28
CaO 7.23 7.06 0.17
TiO2 0.74 0.67 -0.67
Cr2O3 0.17 0.18 -0.01
MnO 0.24 0.36 -0.12
FeO 18.83 18.54 0.29

Fe2O3 1.69 2.29 -0.60
Total 100.11 99.83 -

aBased on the composition from three analyses in Gellert et al. (2013); the average was reported
in Ramkissoon et al. (2019).

X-ray fluorescence (XRF) analysis

To confirm the regolith matched the target chemistry on an element level, samples

were sent to the University of Leicester for XRF major and trace-element analy-

sis. Three thoroughly mixed, 12 g aliquots of OUCM-1 regolith with a grain size

below 63 µm mixed in the proportions given in Ramkissoon et al. (2019) were anal-

ysed. XRF determined that the elemental compositions are variable compared to

Ramkissoon et al. (2019) (Table 5.7). However, the trace element composition did

not affect the chosen composition of the regolith. Instead, the analysis was com-

pleted for context to understand what elements might be available to methanogens.

Preparation for experiments

Crushed regolith materials were weighed individually to produce a bulk regolith in

large quantity (100 g at a time) and combined as per Ramkissoon et al. (2019) in

a chemically washed glass beaker and were mixed thoroughly with a stainless steel

spatula that had been cleaned with a 5% Chemgene (Medimark Scientific, UK)

solution. The beaker was covered with a piece of foil that was only ever removed
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Table 5.7: XRF analysis minor trace element data and comparison with target chemistry trace
element data

Element Average (SD) Composition of Comparison
This study Ramkissoon et al. (2019)

(ppm) (ppm) (ppm)
As 56.9 (2.85) 23.7 33.2
Ba 1279.7 (9.31) 1180 98.8
Ce 130.9 (5.46) 114.4 16.5
Co 117.5 (1.19) 117.8 -0.3
Cr 814.9 (7.98) 425.5 389.4
Cs BDL BDL NA
Cu 4433.4 (125.78) 3311.4 1122
Ga 17.1 (0.89) 17.2 -0.1
La 79.5 (3.56) 70 9.5
Mo 477.3 (9.43) 535.6 -58.3
Nb 55.5 (1.37) 56.9 -1.4
Nd 45.5 (1.30) 37 8.5
Ni 428 (11.13) 351 76.8
Pb 282.3 (3.90) 74.3 208
Rb 60.4 (1.17) 69.9 -9.5
Sb 39.1 (1.82) 50 -10.9
Sc 8.9 (1.20) 5.4 3.5
Se BDL BDL NA
Sn 483.9 (7.24) 593.7 -109.8
Sr 743.6 (13.98) 694.2 49.4
Th 30.6 (0.63) 24.1 6.5
U 5.5 (0.68) 6.1 -0.6
V 126 (0.94) 94.7 31.3
W 27.3 (2.11) 23.4 3.9
Y 22.5 (0.60) 21.1 1.4
Zn 10426 (403.13) 6419.3 4007.2
Zr 288.1 (5.86) 321.6 -33.5

BDL, below detection limit.
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to allow for a 1 g aliquot to be sampled during experiment set up. The beaker was

then stored by itself in a plastic storage box that was kept with the lid on at all

times.

Upon creation of a new 100 g batch of regolith, the foil was removed and a layer of

cotton wool placed across the top of the beaker to act as a moisture barrier, if steam

entered the autoclave bags. The foil was then replaced on top of the beaker. The

beaker was placed in a double layer of autoclave bags and autoclaved at 121◦C for

15 minutes. The cotton wool was then immediately removed, and the foil replaced.

This ensured that the regolith would not become wettened during autoclaving and

that if the container was toppled over for one reason or another that the regolith

would not leak out into the autoclave.

5.3.4 Simulating martian subsurface water

As discussed in Sections 1.3.1 and 5.1.2, water is essential for life and likely present

in the subsurface of Mars. The geochemistry of hypothesised water has been mod-

elled previously (Ramkissoon et al., 2021). The composition of the modelled martian

groundwater (Table 5.8; Ramkissoon et al., 2021) was altered in order to provide

additional required components for the specific strain used in experiments. Addi-

tional components were added to increase the level of N (NH4Cl), P (K2HPO4), S

(Fe(NH4)2(SO4)2 × 6 H2O) and NaCl. NaCl is a requirement for growth of Methan-

othermococcus okinawensis (Takai, 2002). Resazurin, a trace element solution and

NaHS were also added. All additional components were added at a concentration

equivalent to the standard media recipe for 282 medium (Section 2.2.3). The com-

position of the modified 282 medium used for positive controls compared to the

composition of the final brine used for simulation experiments is given in Table 5.8.
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Table 5.8: Comparison of modified 282 medium, the martian brine created here and the modelled
groundwater from Ramkissoon et al. (2021)

Component 282 medium Modelled groundwater Brine
(mM) (mM) (mM)

K2HPO4 0.8 0.039 0.84
KOH NA 0.174 0.174
CaCl2 1.26 NA NA
Ca(OH)2 NA 1.382 1.382
NH4Cl 4.67 NA 4.67
(NH4)2SO4 NA 0.5 0.5
MgSO4 · 7 H2O 28.25 NA NA
MgCl2 · 6 H2O 43.06 NA NA
3MgO.4SiO2.H2O NA 1.52 1.52
KCl 4.43 NA NA
NiCl2 · 6 H2O 0.008 NA NA
NaCl 513.35 NA 513.35
MnCl2 NA 0.029 0.029
MnSO4 NA 0.019 0.019
NaOH NA 0.369 0.369
Fe(NH4)2(SO4)2 · 6 H2O 0.04 NA 0.04
Fe2(SO4)3 NA 0.11 0.11
FeO NA 2.618 2.618
3AL2O3.2SiO2 NA 0.989 0.989
SiO2 NA 4.666 4.666
TiOH NA 0.092 0.092
L-Cysteine-HCl · H2O 3.17 NA NA
141 vitamin solution 10 mL L−1 NA NA
141 trace element solution 10 mL L−1 NA 10 mL L−1

NaHS 0.2 g L−1 NA 0.2 g L−1

PBS * NA NA

*One PBS tablet (Fisher Scientific, UK, 12821680) was added per 100 mL of medium made

5.3.5 Analytical methods

Described in this section are the two primary analytical methods used. Briefly, these

were; (1) gas chromatography was used to measure the growth of the methanogen

as methane production is coupled directly to metabolism. Gas chromatography was

carried out using the same settings described in Section 2.3.2, with the exception

of the runtime, that was set to 10 minutes for chemical simulation experiments

to determine if other non-methane peaks were resolved. (2) The optimal density

of cultures was measured using microbemeters (Humane Technologies, UK), where

appropriate. Cultures containing regolith material were not suitable for monitor-
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ing turbidity, as the relative change in turbidity due to cell proliferation would be

difficult to measure against the large background noise caused by its presence.

Gas chromatography standards

GC analysis for the chemical simulation experiments was conducted using a GC

instrument that was permanently left running for the duration of the experiment.

Therefore, standard gases at various concentrations were analysed periodically and

showed generally good trends (Figure 5.6). This is in contrary to GC analysis

conducted in Chapter 4, where standards were run on every sample day. This change

in methodology was because the GC was left on for the duration of this experiment,

whereas it was turned on each day for the experiment in Chapter 4. In this chapter,

the term technical replicate specifies an individual injection of headspace gas and

biological replicate specifies an individual Balch-sytle tube that contains a solution or

a culture. GC analysis was performed by technicians (B. Stephens and N. Panchal)

due to my unavailability (see Section 5.2).
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Figure 5.6: Standard calibration curves for five levels of linear values for five different concentration
ranges of methane. a; 2 to 10 ppm, b; 20 to 100 ppm, c; 200 to 1000 ppm, d; 2000 to 10000 ppm,
e; 20000 to 100000 ppm. n = 3 for all concentrations, except in plot a, where n = 4 for 2 and
4 ppm, and in plot c, where 200 ppm is n = 4 and for 1000 ppm where n = 10. The large sample
size for 1000 ppm is due to this being the concentration to test that the GC was performing as
expected after a short period of no use.

The GC column can also be used to separate many other compounds, such as hy-

drocarbons (natural gas, refinery gas, ethylene, propylene, all C1–C3 isomers); CO2,

methane, air/CO, and water; polar solvents (methanol, acetone, methylene chloride,

alcohols, ketones, aldehydes, esters); and sulphur compounds (H2S, mercaptans,

COS). GC chromatograms were examined for other peaks that would be indicative

of other, unidentified, VOCs.
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Growth curves - Microbemeter

Cell cultures that did not contain regolith were incubated at ∼60◦C for four or

five days in a shaking incubator (SI-600R, Medline Scientific, UK) at 200 rpm. An

independent thermometer was used to confirm the correct temperature was being

achieved by the incubator. Three microbemeters (Humane Technologies, UK) were

used to automatically collect spectrophotometry data. Each microbemeter has four

ports, with three positive cultures placed in ports 1 to 3, and a blank (No cells)

placed in port 4. A single transmission data point for each port was collected every

5 minutes for the duration of the experiment.

Data from the microbemeter were processed to calculate a turbidity using an equa-

tion derived from an R script provided by the manufacturer (Human Technologies)

to produce a growth curve plot; the equation is

T = −log(
cb

ad
)/1.6 (5.1)

where T is turbidity and a, b, c and d correspond to the denoted raw data cell in

Table 5.9. a and c must always feature in the same column (from port 1, 2 or 3), a

and b must always feature in the first row and c and d must always feature in the

same row, but will never feature in row 1.

Table 5.9: Example of raw data obtained from Microbemeters to be used in conjunction with
Equation 5.1

Row Port 1 Port 2 Port 3 Port 4
1 925(a) 879 964 758(b)
... ... ... ... ...
n 645(c) 546 623 702(d)

5.3.6 Preliminary inhibition experiments

Experiment setup for inhibition experiments

In order to determine if the chosen organics were inhibitory to methanogenesis,

preliminary experiments were run. A Mars-relevant concentration of a single organic
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was weighed out (Table 5.11) and added to a final volume of 10 ml of modified

282 medium in Balch tubes with a 1 mL inoculum of cells at a concentration of

∼108 cells ml−1. Therefore, the concentration of cells in the cell cultures was ∼107

cells ml−1 at the beginning of the experiment. Cells were transferred directly from

a culture in stationary phase (positive control from previous test run) into fresh

media.

pH was adjusted manually to 6 for each individual cell culture, using either HCl or

NaOH (low volumes at 1 M concentration), as the addition of some organics caused

the pH to change from the original cell culture pH of 6. Growth curves were obtained

using turbidity as described above.

Oxalic acid

The concentration of oxalic acid on Mars is inferred by the corresponding concentra-

tion in two analyses of the Murchison meteorite. The first analysis detected ∼180 µg

g−1 (Shimoyama and Shigematsu, 1994) and the second analysis detected 9.2 µg g−1

(Peltzer et al., 1984). Pizzarello and Garvie (2014) also detected oxalic acid in the

Sutter’s Mill meteorite, but at much lower concentrations that are unachievable

when measuring in a laboratory environment (< 1µg).

Therefore, inhibition experiments were conducted with either a concentration of

180 µg mL−1 or 9.2 µg mL−1. Biotic experiments were inoculated to a final cell

concentration of ∼2.8 × 107 mL−1 at the start of the experiment. The quantities

used are given in Table 5.11.

Amino acids

One fragment of the Tagish Lake meteorite had an amino acid concentration of

∼2 µg/g (Glavin et al., 2012), but many other fragments had concentrations that

were many orders of magnitudes lower than this. The Murchison concentration

of alanine is also much lower (Pizzarello and Cronin, 1998) than the Tagish Lake

fragment amino acid concentrations. However, if the assumption is made that cells
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are present on Mars at approximately the concentration found in permafrost soils

on Earth (102 - 108 cells g−1 of soil; (Friedmann, 1982), then there could be a

source of amino acids equal to a maximum concentration of 1.15 × 10−13 g cell−1,

with a cell concentration of 108 cells g−1) (Neidhardt et al., 1990). Therefore, there

could be 11.5 µg g−1 of amino acids in martian soil. This demonstrates that the

Tagish Lake and Murchison amino acid concentrations might be conservative if an

active microbial ecosystem equivalent to Earth’s permafrost region is present in the

subsurface of Mars.

Whilst many amino acids exist, it was decided to use a similar range of amino acids

that are proteinogenic for organisms on Earth. The intention was to approximately

match the concentrations for alanine and aspartic acid found in the Tagish Lake

meteorite (Table 5.10; Glavin et al., 2012) and so a lower end member concentra-

tion of 1 µg ml−1 was chosen. However, the lowest mass achievable is 1 µg using

the ultra microbalance (Radwag 7 figure balance, Poland). Additionally, due to

a mathematical error, the concentrations of some of the amino acids were one or-

der of magnitude smaller than intended (i.e. than the reference values in the Tagish

Lake and Murchison meteorites). This means that the concentrations were not com-

parable to the Tagish Lake or Murchison values for amino acids. Therefore, they

represent a conservative estimate of the amino acid load of Mars.
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Table 5.10: Comparison of amino acid concentration between Tagish Lake and this study (ppb)

Amino acid Tagish lake This study (actual)a

adenine - 10.5
alanine 363 ± 41 43.25
arganine - 42.8
asparagine - 42.8
aspartic acid 430 ± 65 42.8
cysteine - 42.8
glutamine - 42.8
glutamic acid 844 ± 89 42.8
glycine 987 ± 257 42.8
histidine - 42.8
inositol - 42.8
isoleucine - 42.8
leucine - 86.7
lysine - 42.8
methionine - 42.8
aminobenzoic acid - 4.3
phenylalanine - 42.8
proline - 42.8
serine 181 ± 29 42.8
threonine 97.3 ± 17.8 42.8
tryptophan - 42.8
tyrosine - 42.8
uracil - 42.8
valine - 42.8

a due to a mathematical error concentrations are one magnitude smaller than intended.

All positive cultures were inoculated to a final cell concentration of ∼1.5 × 107 mL−1

at the start of the preliminary experiment conducted to determine if there is an

inhibitory, or stimulatory, effect on methanogenesis by Methanothermococcus oki-

nawensis with the addition of the amino acid mix given in Table 5.10. The quantities

used are given in Table 5.11).

Benzothiophene

All positive cultures were inoculated to a final cell concentration of ∼2.4 × 107

at the start of the preliminary experiment conducted to determine if there is an

inhibitory effect to methanogenesis by Methanothermococcus okinawensis with the

addition of benzothiophene. With the exception of the addition of benzothiophene,

Methanothermococcus okinawensis was grown in otherwise ideal conditions (Section
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5.3.1). The quantities used are given in Table 5.11.

Table 5.11: The target mass and attained mass of each Mars-relevant organic; Actual concentra-
tions are given as the mean of each weighed dry mass

Organic Target concentration Actual concentration
(µg ml−1) (µg ml−1)

high low high low
Oxalic acid 180 9.2 181.18 9.17

± 1.35 ± 0.06
Amino acid 11.5 1 11.20 1.02

± 0.15 ± 0.05
Benzothiophene 16.77 NA 16.8a NA

aWhereas other chemicals were weighed out and added to cultures as a dry mass, benzothio-
phene was added to cultures as a liquid. Therefore, each aliquot is presumed to contain an
equal portion of the mass dissolved in the solution.
n = 4.

Controls

A triplicate of positive controls were grown in ideal conditions as described in Section

5.3.1. A triplicate of negative controls that included just the described medium and

another triplicate of negative controls containing just the described brine solution

were also analysed.

Statistical analysis for preliminary inhibition experiments

A Shapiro-Wilkes test and Bartlett’s test was carried out for each dataset, to test the

assumptions for a parametric comparison of means test. A non-parametric test was

carried out where assumptions were not met. The mean of positive controls, high

concentration and low concentration groups for each organic were then compared for

significant differences (significance threshold is a P -value < 0.05). There are three

groups for oxalic acid and amino acid experiments and so a non-parametric Kruskal-

Wallis test was used to compare means. There are two groups for benzothiophene

experiments and so a Student’s t-test was used to compare the means. A comparison

of the means of all positive control data for each organic experiment was also carried

out to ensure that positive controls for all three experiments grow to approximately

the same final cell concentration, and no significant difference was observed (one-way

analysis of variance; P = 0.13).
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5.3.7 Experimental design

Initial design

Full simulation experiments were conducted that contained three main elements:

a simulated brine, simulant regolith and a Mars-relevant organic in Balch tubes.

Methanothermococcus okinawensis was inoculated into this simulant environment.

Each organic was tested individually using an experimental design that aimed to

examine all possible combinations of elements for the experiment by producing a

number of biotic experiments and negative experiments with one or more variables

omitted (Figure 5.7). Positive and negative controls in a modified 282 medium were

also produced to ensure cells were viable and no contamination occurred. Therefore,

the VOC content could be specifically linked to the presence of one experimental

variable, or combination of variables.

Figure 5.7: Schematised top-down view of 23 Balch-type tubes. Boxes denote whether a tube
contains one of the variables. Cell concentration, as well as organic concentration, are given
elsewhere.

Chemically washed (in a Miele PG 8593 Laboratory dishwasher, Miele, UK; the

detergent was ProCare Lab 10 AP - 5 l, Miele, UK; the neutralising agent was

ProCare Lab 30 C - 5 l, Miele, UK) and dried Balch tubes were arranged in a tube

rack in the pattern given in Figure 5.7 and 1 g of sterilised regolith (prepared as per
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Section 5.3.3) was weighed out and placed into 15 tubes. One more tube was also

prepared with simulant regolith but kept separately from the experimental tubes.

The tube rack, along with the equipment required to set up the experiment, was

placed into an anaerobic chamber and allowed to commission for 24 hours.

Once the anaerobic chamber was commissioned, the remaining components of each

Balch tube could be added to the respective Balch tubes. First the specific organic

was added, along with the liquid component. Modified 282 media were also added

to the positive control tubes. The positive controls and the biotic experiment group

that contained no regolith had a final volume of 10 mL and so could have the pH

tested directly using a portable pH probe calibrated to two points (pH 4 and pH 7;

HI98103, Hanna Instruments, US). The Balch tubes containing regolith had a final

volume of 1 mL, although they had the same concentration of organic material and

cells that were present in the experiments containing 10 mL. Due to a limitation of

the portable probe, the solution could not be reached and so a sacrificial Balch tube

was used to determine the quantity of 1 M HCl to add to these tubes to achieve a

pH of 6 outside of the anaerobic chamber. Lastly, a cell inoculum was added to each

positive tube. For Balch tubes requiring a final volume of 10 mL, a 1 mL inoculum

was added to solutions and for Balch tubes requiring a final volume of 1 mL, a 100 µL

inoculum was added to solutions. The inoculates were taken from the same stock

culture to ensure that the cell concentration remained consistent. Antibiotics (See

Section 2.2.4 for details) were added to positive controls only to limit the presence

of organic compounds in biotic experiments. A butyl rubber stopper was added to

each Balch tube.

The tube rack was removed from the anaerobic chamber. Tubes were then crimped

with an aluminium crimp and were labelled. Headspace gasses were added to each

tube that required it (six tubes did not have headspace gases added; these were a

form of negative control, to determine if additional VOCs were produced when the

substrate gases were omitted).

All Balch tubes were incubated at 60◦C in a shaking incubator at 200 rpm. Positive

controls and the biotic experiment group that did not contain regolith were also
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placed within microbemeters, inside of the shaking incubator, to allow for growth

curves to be produced (Section 5.3.5).

Due to time constraints this experimental design was altered substantially as it

required experiments for each organic to be run separately. Equally, due to the

time constraints, this experimental design was only used for the benzothiophene

(twice) and oxalic organic experiments. These experiments produced no methane in

any experimental group, however, methane was produced in the positive controls.

The first benzothiophene run was completed using only water, whereas the second

run was completed using the groundwater described in Ramkissoon et al. (2021),

without any additional components added.

Before any further experiments were carried out it was established that the starting

conditions for the groundwater/brine should support the growth of methanogens.

Therefore, a scaled-back experiment was implemented to test simply if methanogens

would grow within the groundwater.

Initially, no growth was observed when methanogens were inoculated into just the

groundwater (with headspace gases added) and so further components of the modi-

fied 282 medium were added in subsequent tests until a medium in which Methan-

othermococcus okinawensis could grow was established. The final composition is

given in Section 5.8. The inoculum concentration was not counted, but growth was

confirmed by GC-FID of culture headspace after three days of incubation in a shak-

ing incubator at 60◦C and 200 rpm. This composition was then used in the amended

experimental design outlined in the next section.

Amended design

In order to streamline the experiment due to time constraints, the experimental

design was altered to allow for all biological replicates of each organic to be run

simultaneously. This new experimental design eliminated all of the combinations of

controls that were present in the previous design. This choice was made because

no additional peaks were observed during the GC-FID technical replicates during
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testing and therefore it was concluded that this level of detail was no longer required

(Figure 5.8).

Three biological replicates were run that included the final brine solution that had

been shown to support growth of the chosen methanogen, one of the organics,

OUCM-1 regolith, and for biotic experiments, methanogenic cells. Positive con-

trols were also run in triplicate. In addition, negative controls were run in triplicate

for all of the positive combinations and a negative control containing only the brine

solution was run in triplicate (Figure 5.8).

Figure 5.8: Schematised top-down view of 33 Balch-type tubes accompanied by a rubric to indicate
what elements are present (Cells contain ”Yes” and are shaded in green) in each triplicate of
biological replicates. Cell concentration, as well as organic concentration, are given elsewhere. For
technical replicates n = the number shown for each Balch tube. The aim was for n = 3, however
instrumentation errors led to a inconsistent number of usable outputs between Balch tubes.

Experiment preparation was conducted in an anaerobic chamber using chemically

washed (as per glass washing details in Section 5.3.7) Balch tubes by a laboratory

technician (A. Scales) with detailed written instructions. Headspace gases were

added to all tubes and were incubated in a shaking incubator at 60◦C at 200 rpm.

Positive controls and one corresponding negative control (with just modified 282

medium) were measured in a microbemeter (however, data not shown for this as

data recording stopped after one hour). They were incubated for three days. The

inoculum volume was 1 mL to make a final volume of 10 mL per Balch tube with a

concentration of 2.63 × 106 cells mL−1, for positive controls and experiment groups.
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pH was adjusted manually to 6 for each Balch tube using a portable pH probe.

After incubation, the headspace was analysed using GC-FID over the course of three

days, with the first technical replicate of the positive controls and experiments pri-

oritised for day one. The second and third technical replicate of the positive controls

and experiments were analysed on day two and negative controls were analysed on

day three.

Statistical exploration and visualisation was conducted using the software R (R Core

Team, 2020). Some data were removed from the dataset due to producing a data

value that was magnitudes lower than expected, indicating that a technical error

had occurred with the GC and the sample had not been correctly analysed. Hence,

for each set of biological replicates shown in Figure 5.8 there are two distributions of

data (Figure A.4). One distribution was determined as genuine positive detections

of methane, and one distribution was determined as false positive detections of

methane. For this reason data were removed for positive controls and cultures that

had methane concentration of under 50000 ppm, as these clearly indicated failed

GC runs (Figure 5.9). Assigning data above and below a threshold as either correct

or erroneous is to suggest that data in the opposite group cannot be a either a

false positive (an erroneous data point in the correct data distribution) or a genuine

negative in the erroneous data distribution that by definition are false-negatives.

Unfortunately, due to time constrains, it was not possible to L/D stain and count

the cell densities of positive controls and biotic experiment replicates under a mi-

croscope. However, a month later they were observed under a microscope and cells

were observed. Therefore, methane production is the only suggestion of cell growth

at the time of sampling. However, in support of the proposed hypothesis that data

above 50000 ppm are not false-positives the following arguments are used. The GC

was used exclusively for this project for the proceeding weeks prior to the three days

in which data were collected, ruling out contamination or damage of the GC column

by another user. Also, standards were run over three weeks prior to data being

collected. Therefore, this reduces the chances of a false-positive data point caused

by methane contamination from high usage of standards run at approximately the
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same time. Another potential source of a false-positive is methane contamination

from a genuinely positive injection of methane immediately previously to a seem-

ingly high-methane concentration injection. However, after analysing the order in

which the data were collected there is no suggestion that this could have occurred as

both false-negative, erroneous data and high methane concentration data followed on

from another high methane concentration injection. Additionally, no false-positives

were produced during injections for negative controls 5.10, which occurred the day

after injections for positive controls and experiments or for blank injections of either

N2 or air. Lastly, throughout experiments for Chapter 4, no false-positives were

observed in experiment data, despite high concentrations of methane being injected

on the same day to calibrate data using methane standards.

False-negatives are more realistic than false positives, because technical issues can

occur with the apparatus that can cause a blockage of the needle resulting in no

methane being drawn into the syringe, or a leakage from the syringe or the GC inlet

causing methane to be lost before or during an injection. A genuine negative occur-

ring is much less likely when the expectation is for all data to be almost identical

to correct data already collected, especially when the correct data is an expected,

high concentration of methane. There were a few false-negatives collected during

the process of injecting methane standards (data not shown) for constructing the

calibration ladders for this experiment (see Section 5.3.5). However, there were very

few, hence why the data is not reported here as the data was obviously incorrect and

the data file overwritten with a repetition of the injection that then produced a more

realistic output. Some issues were identified with the needle when false-negatives

were produced during testing and standard calibration phases, the most common

being a small shaving of the rubber septum becoming lodged into the needle. This

was then removed and another injection performed.

Equally, there is no indication of reasonable patterns existing between the erroneous

group of data and the correct group of data, such as the date of data collection or

the differences between the laboratory technician that performed the GC injections

(Figure A.3). Therefore, here it is suggested that data below 50000 ppm for column
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Figure 5.9: Median methane concentration of a subset of data points for biotic controls and
experiments. Boxplots were constructed from data (coloured dots) of technical replicates where the
calculated concentration was above 50000 ppm (dashed blue line), for all biotic controls (Column
ID 1) and biotic experiments (Column ID 2-5; column IDs are the same as given in Figure 5.8).
Data (coloured dots) below the 50000 ppm threshold were not included in producing the boxplots
that appear here and were removed from subsequent data visualisation and analysis, as they are
likely to be erroneous. This threshold was chosen because the data below the threshold are highly
variable compared to other technical replicates from equivalent biological replicates, which is highly
unlikely to occur unless an error is responsible. Black dots are outliers, however they are still at
anticipated concentrations, so were not removed.

ID 1 to column ID 5 are much more likely to be false-negatives than genuine negatives

and data above 50000 ppm are much more likely to be genuine positives rather than

false-positives. Analysis of the negative media control group also identified a single

data point that was much higher than the average and expected values. Whilst

this data point is higher (145 ppm) than anticipated based on the result of other

technical replicates (mean = 12.97 ± 10.3 ppm), it does not constitute a false-

positive as positives would be many magnitudes higher in methane concentration

than this data point (5.10).
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Figure 5.10: Median methane concentration of a subset of data points for abiotic controls and
experiments. Boxplots were constructed from data (coloured dots) of technical replicates that
were run through the GC where the calculated concentration was below 50 ppm (dashed blue
line), for all abiotic controls (Column ID 6) and abiotic experiments (Column ID 7-11; column
IDs are the same as given in Figure 5.8). Data (coloured dots) above the 50 ppm threshold were
not included in producing the boxplots that appear here and were removed from subsequent data
visualisation as they are likely to be erroneous. This threshold was chosen because the data above
the threshold are highly variable compared to other technical replicates from equivalent biological
replicates, which is highly unlikely to occur unless an error is responsible.
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5.4 Results

Results presented here show that individual organics are not inhibitory to methano-

genesis in otherwise ideal growth conditions for the strain Methanothermococcus

okinawensis (detailed in Section 5.4.1). Results also show that the whole simulated

chemical martian subsurface environment is not inhibitory to methanogenesis of the

same strain (detailed in Section 5.4.2); whilst additional peaks were also observed

in the GC chromatogram (detailed in Section 5.4.3).

5.4.1 Preliminary inhibition experiments

Three different organics were added to cultures of Methanothermococcus okinawensis

to determine if each organic, which are hypothesised to be present and accumulate

on Mars, is inhibitory to methanogenesis at realistic concentrations.

Oxalic acid

Data suggest that when oxalic acid is added to cultures at a realistic martian con-

centration it is not inhibitory to methanogenesis, based on two lines of evidence.

All initial cultures were inoculated to a final cell concentration of ∼2.8 × 107 mL−1

cells mL−1 at the start of the experiment. A non-parametric Kruskal-Wallis test

identified that there is no significant difference between the mean cell concentra-

tions of any control or experimental group at the end of the experiment (Table 5.12;

P = 0.23), with an increase in cell density observed for every group from the initial

cell concentration.
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Table 5.12: Cell concentration and final pH of cultures containing low- and high-concentrations of
oxalic acid

Culture Mean cell Final converted sample sizeb

(mean value ± 1 s.d.) concentration pH meana

(µg mL−1) (ml−1)
Positive control 1.37 × 108 ± 4.61 × 107 5.26 3

Low concentration
9.50 × 107 ± 5.66 × 106 5.24 2c

(9.17 ± 0.06)
High concentration

1.36 × 108 ± 4.18 × 107 5.26 3
(181.18 ± 1.35)

a Converted pH values also include the value for the negative control. For an explanation of
the conversion see Section 3.2.1
b The stated sample size is the number of biological replicates for calculating the mean given.
The converted pH mean also includes the final pH of the negative control solution.
c Smaller sample size is due to a Balch tube cracking whilst crimping. Despite the tube still
being placed into the experimental conditions, it became oxic and was rendered un-useable.
Cell counts were performed in analytical duplicate.

Figure 5.11 shows a growth curve for each of the positive controls, low concentration

and high concentration biological replicates that identify the lack of inhibition oxalic

acid had on overall growth of cells. There is an initial period of equilibration time

(∼ 2 hours), followed by a short lag phase (between 2 and 8 hours). Exponential

growth (between 7 and 10 hours) indicates an increase in turbidity of the cultures

due to cell proliferation. For the positive controls the stationary phase is relatively

stable, but for the experiment cultures the stationary phase is highly variable and

often decreases as a function of time.
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Figure 5.11: Turbidity growth curves for individual biological replicate cultures of positive controls
and two experiment groups. Cultures contain either; a, positive controls (no oxalic acid); b, a low
concentration of oxalic acid (9.2 µg mL−1) or; c, a high concentration of oxalic acid 180 µg mL−1.
Stated concentrations are the target concentration, actual concentrations differ slightly for each
replicate (See Table 5.11). Port 1, 2 and 3 are the ports in the microbemeter into which a single
biological replicate is placed. Port 4 is used for a negative control containing no additional organic
material.

Amino acids

Data suggest that when amino acids are added to cultures at a realistic martian con-

centration it is not inhibitory to methanogenesis, based on two lines of evidence. All

initial cultures were inoculated to a final cell concentration of ∼1.5 × 107 cells mL−1

at the start of the experiment. A non-parametric Kruskal-Wallis test identified that

there is no significant difference between the mean cell concentrations of any control

or experimental group at the end of the experiment (Table 5.13; P = 0.73).
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Table 5.13: Cell concentration and final pH of cultures containing low- and high-concentrations of
amino acids

Culture Mean cell Final converted sample sizeb

(mean concentration ± 1 s.d.) concentration (ml−1) pH meana

(µg mL−1) (ml−1)
Positive control 1.31 × 108 ± 6.7 × 107 6.24 3

Low concentration
1.63 × 108 ± 4.43 × 107 6.27 3

(1.02 ± 0.05)
High concentration

1.36 × 108 ± 2.8 × 106 6.22 3
(11.20 ± 0.15)

a Converted pH values also include the value for the negative control. For an explanation of
the conversion see Section 3.2.1
b The stated sample size is the number of biological replicates for calculating the mean given.
The converted pH mean also includes the final pH of the negative control solution.

Despite the pH values in Table 5.13 suggesting that the pH rose from the initial pH

of 6, in fact it was only the cultures containing cells within each experimental group

in which the pH rose. In the negative controls for each experiment group the pH

fell to 5.83, 5.82 and 5.80 for the positive, low concentration and high concentration

solutions, respectively. The pH for the oxalic acid experiments all fell to below the

starting pH of 6 (Table 5.12). This suggests that a combination of the presence of

amino acids and the consumption of O2 counter-intuitively caused the solution to

become slightly alkaline, instead of slightly acidic.

Growth curves for amino acids are as expected (Figure 5.12). The cultures required

up to two hours to equilibrate to the incubator temperature before reaching an ob-

servable lag phase (∼2.5 hours). The exponential phase (∼12.5 hours) demonstrates

clearly an increase in turbidity, and given the cell count has increased from the start

compared to the end by about a magnitude (Table 5.13), increased turbidity can be

attributed to the doubling of cells. This suggests that amino acids are not inhibitory,

or stimulatory, to methanogenesis.
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Figure 5.12: Turbidity growth curves for individual replicate cultures of positive controls and two
experiment groups. Cultures contain amino acids at either; a, positive controls (no amino acids);
b, a low concentration of amino acid (1 µg mL−1) or; c, a high concentration of amino acid 11.5 µg
mL−1. Concentrations are the target concentration, actual concentrations differ slightly for each
replicate (See Table 5.11). Port 1, 2 and 3 are the ports in the microbemeter into which a single
biological replicate is placed. Port 4 is used for a negative control containing no additional organic
material.

Benzothiophene

All initial cultures were inoculated to a final cell concentration of ∼2.4 × 107

cells mL−1 at the start of the experiment. A Student’s t-test identified that there is

a significant difference between the positive control cell concentration and the exper-

imental groups after incubation (Table 5.14). Given the higher mean cell density at

the end of the experiment is for the biological replicates containing benzothiophene,

this suggests that the compound may be stimulatory to methanogenesis. It at least

suggests that no inhibition occurred.
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Table 5.14: Cell concentration and final pH of cultures containing a high-concentration of ben-
zothiophene

Culture Mean cell Final converted sample sizeb

(organic concentration) concentration pH meana

(µg mL−1) (ml−1)
Positive control 1.24 × 108 ± 2.57 × 107 5.93 3

High concentration 1.90 × 108 ± 1.87 × 107 5.95 3
(16.8)

a Converted pH values also include the value for the negative control. For an explanation of
the conversion see Section 3.2.1
b The stated sample size is the number of biological replicates for calculating the mean given.
The converted pH mean also includes the final pH of the negative control solution.

The microbemeter used to record the turbidity of cultures containing high concen-

trations of benzothiophene malfunctioned during the experiment and therefore only

positive control data is presented in Figure 5.13. However, given the increase in

cell concentration (Table 5.14) and the confirmation of growth in positive controls

run simultaneously, it can be assumed that benzothiophene is not inhibitory to

methanogenesis.
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Figure 5.13: Turbidity growth curves for individual positive control biological replicate cultures
grown alongside benzothiophene cultures (data not presented for biotic experiment replicates con-
taining benzothiophene, as the microbemeter malfunctioned). Port 1, 2 and 3 are the ports in the
microbemeter into which a single biological replicate is placed. Port 4 is used for a negative control
containing no additional organic material.

5.4.2 Growing Methanothermococcus okinawensis in the

simulated conditions of the martian subsurface

After establishing that the individual organics (i.e. oxalic acid, amino acids and

benzothiophene) were not inhibitory to the growth of Methanothermococcus oki-

nawensis when added to otherwise ideal culture conditions, experiments were then

conducted following the martian chemical simulation experimental design outlined

in Section 5.3.7.

The hypothesis for the main experiment was that methane production would not

be inhibited by the inclusion of the various factors used to produce the simulated

martian environments. In addition we hypothesised that no additional VOCs would
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be produced during methanogenesis. A non-parametric comparison of means iden-

tified that there were no significant difference (P = 0.12) between the mean of the

positive control biological replicates (1.65 × 105 ± 2.50 × 104 ppm; n = 7), oxalic

acid biotic experiment replicates (1.36 × 105 ± 5.08 × 104 ppm; n = 6), amino acid

biotic experiment replicates (1.34 × 105 ± 4.94 × 104 ppm; n = 8), benzothiophene

biotic experiment replicates (1.22 × 105 ± 4.02 × 104 ppm; n = 7) and the CC

material biotic experiment replicates (1.16 × 105 ± 4.37 × 104 ppm; n = 9). Figure

5.14 show the average methane concentration after methanogens were incubated for

three days in either ideal conditions, or in one of the Mars chemical simulation en-

vironments. The error bars show ± one standard deviation and highlight the large

variation between technical replicates within some of the biological replicates, but

also the large variation between biological replicates within the same column ID.

This variation could be due to either error during setup of the experiment, which

would in turn explain the large GC output variation among the correct data for

each column. However, the variation is more likely due to instrument effects that

can also be seen among the higher concentration methane standard calibration lad-

ders (Figure 5.3.5), which supports this hypothesis. Though, the average methane

concentrations can be treated as not likely different from one another based on the

data collected here. Further data collection might show a difference between certain

groups. However, this result suggests that the hypothesis is supported and that the

simulated martian chemical environment is not inhibitory to methanogenesis for the

strain used.
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Figure 5.14: Average methane concentration of each cell-positive biological replicate. The average
methane concentration for positive controls (+ con) were not significantly different to the four
experimental groups that contained the same concentration of methanogenic cells but contained
one of either benzothiophene (BT), oxalic acid (OA), amino acids (AA) or CC material (CC). Bars
show the average for each group and error bars show ± 1 standard deviation. n is given within
each bar.

The large variation observed (Figure 5.14; e.g. the 1-sigma variation in four tech-

nical replicates for column 4, biological replicate number 3 is over one third of the

average value) is likely due to technical issues with the GC instrument or the syringe.

As mentioned in Section 5.3.7, a few of the technical replicates from positive con-

trols and biotic experiments were removed from data visualisation as the methane

concentration was unusually low (< 50000 ppm).

Negative control data were also highly variable (Figure 5.15) and methane con-

centrations were much higher than expected given the low ppm values obtained in

negative controls for experiments that used the same instrument in Section 4.4, as

well as negatives obtained throughout the testing phase (data not shown). This

could indicate residual methane was present in the inlet or column of the GC, how-

ever, it is unlikely the GC column would have reached the end of its lifetime. L/D

staining and microscopy also confirmed that cells were present in positive cultures

∼4 weeks after running the experiment and cells were absent in negative cultures.
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Therefore contamination of negative controls with cells can be ruled out.

Figure 5.15: Average methane concentration of six abiotic experiment groups. The average
methane concentration for 282 medium negative controls (column ID 6) were not significantly
different to the four experimental negative groups that contained no methanogenic cells but con-
tained one of either benzothiophene (column ID 7), oxalic acid (column ID 8), amino acids (column
ID 9), CC material (column ID 10) or only the brine solution (column ID 11). Bars show the aver-
age of a single technical replicate for three biological replicates and error bars show ± 1 standard
deviation. n = 3 for all groups.

There is a very large difference (approximately four magnitudes) between the pos-

itive control average methane concentration and the negative media control, where

the only difference was the presence or absence of cells. This large difference is also

observed between biotic experiment cultures and their respective negative controls.

Therefore, it can be assumed that methane production in a simulated martian sub-

surface chemical environment was occurring, and can be attributed to the biological

process of methanogenesis.

5.4.3 Potential presence of non-methane VOC peaks in chro-

matograph

In addition to methane, the GC can detect a number of other VOCs (see Section

5.3.5). Therefore if an additional peak is shown on a chromatogram this could

indicate the presence of one of the compounds listed in Section 5.3.5. What follows
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is a qualitative analysis of whether VOCs other than methane might be present

in the chromatogram. No additional standard gases were available to confirm the

identity of additional peaks.

Additional peaks were present on sixteen GC chromatographs (Table 5.15; Figure

5.16). Additional peaks were identified in seven positive cultures and the remaining

9 were in negative control solutions. Two negative cultures produced two additional

peaks (Column ID 9, containing the brine solution, regolith and amino acids). The

experiment that contained solely the brine solution (Column ID 11) produced an

additional peak in all three biological replicates.

Retention time is the time is takes for a compound to travel through the GC column

and become ionised in the flame of the FID. The retention time for all peaks was

adjacent to the methane peak, except for the two brine and amino acid negative

solutions that produced a peak adjacent to methane and an additional peak at a

later retention time, as well as one CC material positive culture that did not produce

a peak adjacent to methane but did produce a peak at a later retention time (Table

5.15; Figure 5.16).

The relatively small amount of time between the methane peak and peak two in

chromatograms suggests that either the additional peak is a small portion of the

methane in the injected volume that was separated from the main bulk of methane,

or that a small concentration of another VOC very similar in structure and chemistry

to methane is being produced at a detectable level. A one-sampled, non-parametric,

Wilcoxon test identified that the mean methane retention time (1.96 ± 0.03 minutes,

n = 37) is significantly different (P < 0.001) to the mean peak two retention time

(2.086 ± 0.08, n = 14; peak two retention time mean not calculated with the values

1.978 and 3.354 from Table 5.15, as the first is a methane peak and the second is

a peak 3.3 minutes later in the chromatogram). This suggests that the additional

peaks are distinct from methane peaks. Peak two peak area values are on average

0.14 ± 0.16 times smaller than peak one data collated from chromatograms contain-

ing two or more peaks. Peak three values are on average 0.09 ± 0.08 times smaller

than peak one data collated from chromatograms containing two or more peaks.
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Table 5.15: Peak area and retention times for technical replicates that produced two or more peaks

Column ID Replicate, Peak 1 area (pA)a, Peak 2 area (pA), Peak 3 area (pA),
(Bio, tech) retention time (min) retention time (min) retention time (min)

1 2, D 6467 0.23
1.975 2.211

3b 2, C 0.96 0.39
1.981 2.087

4b 3, C 0.18 0.34
1.899 1.979

5c 1, C 0.13 8923
1.871 1.978

5 2, C 8835 0.03
1.978 3.354

5d 3, C 4933 0.33
1.979 2.193

5b 3, D 508 0.278
1.979 2.147

6b 1, B 12.969 0.196
1.982 2.099

6 1, C 1.07 0.12
1.984 2.126

9 2, A 0.69 0.21 0.07
1.982 2.081 3.358

9 3, A 0.55 0.17 0.08
1.980 2.090 3.361

10 1, A 1.77 0.15
1.979 2.073

10 2, A 4.25 0.28
1.975 2.065

11 1, A 1.63 0.21
1.981 2.074

11 2, A 0.35 0.17
1.977 2.083

11 3, A 3.76 0.15
1.981 2.111

a Data for peak 1 used to calculate average methane concentration, unless otherwise stated
b Data omitted from average methane concentration
c Data for peak 2 used to calculate average methane concentration
d Due to an error, the runtime for this replicate was only 3 minutes

Ethane has a longer retention time than methane, in Lee et al. (2014) methane eluted

at 1.3 min and ethane at 1.94 min; in Lomond and Tong (2011) methane eluted at

1.18 minutes and ethane at 3.18 minutes. The GC settings for the Lomond and

Tong (2011) analyses differed from the analyses here, the methane eluting time in

Lomond and Tong (2011) is similar to here (1.96 ± 0.03 minutes). The average

retention time for peaks over 3 minutes here (3.357 ± 0.003, n = 3) is significantly

different from the the eluting time for ethane in Lomond and Tong (2011). However,

only one of the post-3 min peaks was present in a biotic culture, the remaining two

were present in negative controls. The post-3 min peak present in the biotic culture
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Figure 5.16: Example GC chromatograms where multiple peaks were identified. a, b, an example of
two chromatograms for positive cultures that produced two peaks. Second peak is not visible due to
the relative size difference, but is indicated with retention time; c, an example of a chromatograph
for a negative solution that produced three peaks; d, An example of a chromatogram for a negative
solution that produced two peaks. a also shows a peak with a retention time much later than the
methane peak. Text vertically aligned with a peak denotes the retention time of the peak. Peak 3
in panel c has the peak area specified in pico amperes.

is eight magnitudes smaller in peak area than the average of the methane peaks

obtained from the same culture (6 × 103 ± 1.79× 103; n = 4).

To summarise, additional peaks were identified in some of the data but because

standard gases were not available to confirm the identity of the VOC the peaks

could be due to either an instrumental effect or another non-methane VOC. As

additional peaks were found in positive experiments, negative controls and controls

containing only the brine solution it is more likely that an instrument effect, such as

a small amount of CH4 retaining for longer in the column than the bulk of the CH4,
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is causing the additional peak. More investigation would be required to determine

this and that should included the use of standard gases such as ethane.

Background level of methane in blanks

Nitrogen blanks (peak area of 0.17 ± 0.03 pA) and air blanks (peak area of 0.16 ±

0.008 pA) were injected in triplicate to determine the background noise level. The

retention time for all blank peaks was 2 ± 0.02 minutes (n = 6, 3 for N2, 3 for air),

which is significantly different (P < 0.001) to the retention time that a methane

peak would be expected at (1.96 ± 0.03 minutes, n = 37). This suggests that the

air and N2 blank peaks are not due to methane.

5.5 Discussion

Within the chemical environment simulated here it was shown that Methanothermo-

coccus okinawensis was not inhibited by any individual organic or by the combina-

tion of all simulated factors. It was also shown that additional VOCs were produced

in both abiotic and biotic solutions, that were many magnitudes smaller in peak

area. This suggests that hydrogenotrophic methanogenesis is a feasible metabolism

that could be occurring in subsurface martian environments.

5.5.1 Performance of the microbemeters

There is variation in the raw-data plots (Figure 5.11, Figure 5.12 and Figure 5.13)

whereby they do not have a defined starting position at the zero line as would be

expected. Initially the turbidity increases, but this is likely due to time it takes for

the culture to equilibrate to the temperature of the incubator. Another factor is

the electrical components of the microbemeter, that are affected by the temperature

of the environment the device is working within. The microbemeters used here

were designed to work at the temperature for these experiments but the starting

temperature of the incubator was room temperature and it took approximately 45
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to 60 minutes for the incubator to equilibrate to the desired temperature. Therefore

the efficiency of the electronic components could be highly variable until above 40◦C,

which is the lower temperature the devices are calibrated to.

Results show that for oxalic acid and amino acid experiments there is a slight decline

in turbidity during the stationary phase. Conventional interpretation would be that

this is the onset of the death phase of the cell cultures, when cell lysis occurs,

reducing the turbidity. However given cell density increased to a magnitude higher

than at the start of the cultures for both positive controls and the experimental

cultures (Table 5.12), this is unlikely.

The reason for the erratic output from port 1 for the low concentration oxalic acid

experiment (Figure 5.11, panel b) remains unknown, but could be indicative of a

momentary bulb failure, as the detector would then have no light hitting it, which

would cause the turbidity to be calculated as increasing rapidly. The steady return

to match the turbidity of the output of the other two ports could suggest that the

light bulb increased in luminosity, steadily over time. However, this could not be

confirmed as the instrument is opaque and sealed shut during experiments and no

indication would have been given. In addition, the most common microbemeter com-

ponent failure observed before an experiment was conducted was bulb failure. This

supports the suggested hypothesis, but cannot confirm it. The lightbulb providing

the signal in port 4 (negative control) for the biotic experiment group during ben-

zothiophene experiments turned off. Therefore, no control data were collected and

the mathematical methods applied to data from ports 1-3 could not be processed.

5.5.2 Amino acid experiment pH

The pH increased for biotic experiment cultures containing amino acids but de-

creased for positive control cultures that contained no amino acids. The increase

in pH is also the opposite effect observed for biotic experiments when oxalic acid

and benzothiophene were the organic added. Amino acids contain an acid group

and an amine (basic) group and if they dissociate into those groups then poten-
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tially methanogens could be taking up the acid group. This would leave the amine

group in solution and increase the pH. This could potentially suggest that nitro-

gen (in the amino group) was not taken up as readily as carbon (in both groups)

present in amino acids as a nutrient source, which has been shown to occur in some

methanogenic strains (Whitman et al., 1987). This hypothesis cannot be tested

with the data collected here and more investigation is required. A repetition with

more biological replicates might suggest an average pH value of 6 or slightly above.

This would then suggest that pH values observed here were obtained by chance and

would be considered outliers in a larger study.

5.5.3 Lack of inhibition of methanogensis in simulated chem-

ical martian environments

Our results show that benzothiophene, amino acids and oxalic acid are not inhibitory

to methanogenesis by Methanothermococcus okinawensis when added individually

to chemical simulation experiments. The presence of CC material, a martian brine

and simulant regolith were also not inhibitory. Below is a discussion as to why each

component of the simulated chemical environment was not inhibitory to methano-

genesis in this experiment.

No effect on methanogenic growth in the presence of a individual organics

or CC material

Methanogenic chemical inhibitors are important in various contexts, such as to limit

methane production in livestock, to target substrate utilisation to favourable mi-

crobes in mixed cultures or to eliminate some or all methanogens for producing

pure cultures of a single microbe. The most common method of inhibition is the in-

clusion of 2-bromoethanesulfonate (BES), an analogue for the coenzyme M molecule

(Webster et al., 2016) that is involved in the terminal step of methanogenesis for

all pathways (see Section 1.5.1). However, it is not the only method of inhibition.

Additional methanogenic inhibitors include methanopterin biosynthesis (Dumitru
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et al., 2003), medium- and long-chain fatty acids (Prins et al., 1972; Soliva et al.,

2003), nitrocompounds (Zhou et al., 2011), halogenated hydrocarbons (Denman

et al., 2007), ethylene (Oremland and Taylor, 1975), acetylene (Oremland and Tay-

lor, 1975; Sprott et al., 1982), unsaturated analogues of propionate and butyrate

(Ungerfeld et al., 2003, 2004, 2006; Zhou et al., 2011), and free acetic acid (Zhang

et al., 2018). However, these inhibitors are used mostly in the suppression of methane

production in ruminants (Webster et al., 2016), which is a highly complex environ-

ment comprising of many strains of bacteria, eukarya and archaea. Inhibition was

not observed in our data, which suggests that either these compounds are completely

absent from the CC material, are not present in high enough concentrations to be

inhibitory, or the experiment time was not long enough to maximise the chances of

an interaction between the methanogens and an inhibitor.

No effect on methanogenic growth in the presence of amino acids

Given the concentration of amino acids supplied for the simulated chemical en-

vironment were a magnitude lower than desired, the concentrations used were a

conservative value. Therefore, the lack of an inhibitory or stimulatory effect could

suggest that amino acids are not detrimental to methanogenesis or that not enough

amino acids were present to have an affect. With a Mars-relevant concentration

present, there might be an inhibitory or stimulatory effect on methanogenesis. A

stimulatory effect was not expected as two strains of hydrogenotrophic methanogens

were shown to not incorporate amino acids within ruminants (Bryant et al., 1971),

suggesting a reliance on in vivo amino acid synthesis. However, amino acids could be

accumulated and used as compatible solutes (see Section 1.5.2). Therefore, within

the unique brine made here, where a high concentration of NaCl is present, free

amino acids could have been used as compatible solutes for the osmotic acclimation

(Robertson et al., 1992) whilst amino acids synthesised intracellularly were used for

protein synthesis. Additionally, amino acids could have been taken to be used as

either a nitrogen or carbon source (Whitman et al., 1987).
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No effect on methanogenic growth in the presence of a simulant regolith

Other simulant regoliths may have been inhibitory to methanogenesis because they

contain ferric iron (Bodegom et al., 2004). The target chemistry for the Rocknest

chemistry of Gale crater also contains ferric iron. Seemingly the concentration of

ferric iron in the Rocknest simulant is not present at inhibitory concentrations.

However, it is worth pointing out that the dissolution rate was not calculated and

the products formed due to the presence of the regolith in the simulated chemical

environment were not assessed due to time constraints. An increase in oxidants,

such as magnetite, could cause non-inhibitory organics to break down into inhibitory

constituents (Miller et al., 2016), such as H2 (Godsy and Grbic-Galic, 1989). Contact

between the regolith and the brine occurred for only a short period of time (3 days)

during this experiment, but potentially the contact time between the two could be

much longer (up to geological time frames) in the martian environment.

Comparison of CC material organic material concentration with experi-

ment concentrations

CC material was demonstrated to not be inhibitory to methanogenesis when grow-

ing a hydrogenotrophic methanogen. Here 250 mg of CC material was added to 1 g

of regolith, making CC material 20% of the total mass in each experiment. Only

approximately 5% of material in a CC is organic (Pearson et al., 2006) and therefore

organics comprise about 1% (0.0125 g) of mass in each experiment. An estimated

2.4 ×105 kg of carbon is delivered to the martian surface each year (Flynn, 1996),

which represents a large source of organic material over Mars’ geological history

(∼1015 kg) that has been deposited and accreted based on a crustal age of 4428 ±

25 million years (Humayun et al., 2013), assuming no loss has occurred. Mars has

a mean radius of 3389.5 km (Archinal et al., 2018) and a modelled crustal thick-

ness range of between 24 (Knapmeyer-Endrun et al., 2021) and 100 km (Baratoux

et al., 2014). The estimated crustal density is approximately 3100 kg m−3 (Bara-

toux et al., 2014). The total volume of the crust can be approximated by finding

the total volume of a sphere with the radius of Mars and subtracting the volume
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of a sphere with a radius of either 24 km or 100 km less than the radius of Mars.

The mass of these volumes can then be found by multiplying them by the aver-

age martian crustal density. Therefore, the martian crust has a mass of between

1.07 × 1013 and 4.34 × 1022 kg. This range suggests, along with carbon delivery

estimates, that the crust of Mars could potentially contain a concentration of 9376%

to 2.30161 × 10−6%, relative to the mass of the martian crust. Clearly the upper

end member of nearly 10000% is unrealistic, but, the assumption made here of or-

ganic mass comprising 1% of the total mass during CC material experiments is not

unreasonable, and potentially conservative.

Experiment results demonstrate that in the presence of a potentially conserva-

tive organic load of carbon from an extraterrestrial origin, the hydrogenotrophic

methanogen Methanothermococcus okinawensis is not inhibited, and that therefore

hydrogenotrophic methanogenesis is a plausible metabolic pathway that could occur

in the subsurface of Mars. However, the potentially conservative concentration of

organics present in the CC material compared to present in the martian regolith

supports the testing of a larger organic load for an inhibitory effect on methanogen-

esis in future. In addition, the methylotrophic metabolic pathway could potentially

be a plausible metabolism for methanogens present in the subsurface of Mars.

Assessment of brine composition

Our results show that the brine solution supported growth of Methanothermococcus

okinawensis to a similar final methane concentration when compared to positive

controls. The brine solution was created by altering a simulated martian groundwa-

ter (Ramkissoon et al., 2021). Of course, the addition of components to the brine

that were not part of the original modelled groundwater chemistry means the com-

position is slightly less Mars relevant (see Table 5.8 for details). However, it was

important for the methanogenic strain to grow in the brine as the starting condition.

Halite (NaCl) was not included as a mineral for the simulant regolith here because

halite has not been unambiguously detected on Mars. However, it is predicted that

NaCl might be present (Clark et al., 2005), and halite is found in martian meteorites
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(Bridges and Grady, 1999). Also, elevated chlorine levels in Gale crater, that are

correlated to higher Na2O, are indicative of the presence of halite grains (Thomas

et al., 2019). Also, some Na and Cl might dissolve from the regolith into the brine

from the minerals, but potentially not enough to support growth of the strain used

here. Therefore, it is reasonable to include some NaCl in a simulated martian brine.

Methanogens on Earth are regularly isolated from saline environments and the

unique brine solution made here contained no individual chemical that has been

identified as, or would be anticipated to be, inhibitory to methanogenesis. There-

fore, either the brine is not inhibitory at all or the concentration of one or more

component in the brine was below inhibitory levels. The brine made here was a

Mars and strain-relevant brine and therefore, naturally, this could suggest that this

brine would only support methanogens that are capable of growing in the salinity

present. However, potentially the strain used here would not be supported by a mar-

tian brine as the presumed lack of halite and NaCl suggests that brines would have

a low salinity. This could place a useful constraint in selecting a model methanogen

for future work.

5.5.4 Biosignatures - non-methane VOCs and brine compo-

sition

If martian methanogens are present in brine systems in the subsurface of Mars they

could produce detectable, indirect, biosignatures. In terms of the chemistry of sub-

surface Mars, biosignatures could include additional non-methane VOCs produced

by methanogens, such as ethane (see Section 1.4.3; Allen et al., 2006), and changes

in the composition of the brine water. Due to time constraints a qualitative assess-

ment of additional VOCs was conducted here, but additional peaks were observed,

supporting the need for further work to identify additional VOCs in martian chem-

ical environments. However, additional VOCs were potentially identified in both

biotic and abiotic solutions. Further investigation could be used to determine if

there are unique additional VOCs present in biotic versus abiotic solutions.
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Additional peaks as co-biosignature or an abiotic indicator

Additional peak data and statistical analysis suggests that additional peaks are not

methane. Given that methane in the atmosphere is present at a concentration of

∼1.8 ppm (Saunois et al., 2020), which is below the amount observed in negative

controls ( in both Chapter 1.6 and Chapter 4), this means that any methane present

in the blank samples, particularly the air blanks, would be disguised by the noise

level seen when injecting abiotic cultures into the GC. There will also be a natural

variation in methane concentration in the atmosphere over short time periods, such

as a single day (e.g. Altshuller and Bellar, 1963), that could affect the air blank

methane concentration and cause a large relative range, compared to the absolute

average amount of methane. However, this variation would not be large enough to

produce a peak above the noise level.

Methane is a small, non-polar compound and that is why the retention time is

early in the GC run. Potentially then, the additional peaks at a retention time

of 3.354, 3.358 and 3.361 minutes could belong to a species that is polar, as polar

compounds are retained by the GC column more efficiently than larger, non-polar

compounds, extending their retention time. This could suggest that another VOC

is being produced in some, or all, cultures that is at the threshold of the detection

limit, as these peaks have a smaller peak area than methane peaks. Given the

common element of the two solutions producing a later peak is the presence of

brine material, this could suggest a chemical reaction is occurring in the presence of

the brine and amino acids and between brine and CC material, that also contains

amino acids (Glavin et al., 2020). Alternatively it could be ethane, that appears

later because it is larger, and has been shown to be co-produced at much lower

abundances along with methane in natural environments (Allen et al., 2006). As

mentioned in Section 5.4.3, the ethane retention time reported in Lomond and Tong

(2011) was significantly different from the post-3 min peaks reported here, despite

the methane retention times being similar. The post-3 min peaks here could be

ethane, but later eluting times might due to differences in GC settings between here

and Lomond and Tong (2011). The methane to ethane ratio is extremely small
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(Section 5.4.3). Alternatively, statistical analysis suggests that peaks do not elute

at retention times similar to ethane, but could be another VOC that elutes between

methane and ethane, and that VOC is present at a higher abundance than ethane, if

ethane was being produced at all. Compounds such as ethylene and acetylene eluted

in-between methane and ethane in Lomond and Tong (2011), but at retention times

of 2.4 and 2.47 mins.

It has been demonstrated that the conditions simulated (martian regolith, mar-

tian brine and martian organic source) are not inhibitory to methanogenesis by

the hydrogenotrophic methanogen Methanothermococcus okinawensis. It has also

been demonstrated that additional VOCs are produced concurrently with methane

in these conditions. This could have implications for the habitability of Mars for

methanogenic microbes and subsequently for the production of biotic methane that

might be detected in the martian atmosphere.
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Chapter 6

Original contributions, conclusions

and Future work

6.1 Original contributions to knowledge

1. The G&C content content of methanogens does not conform with the thermal

adaptation hypothesis or the taxonomic family thermal adaptation adaptation

hypothesis.

2. There is no practical use to recording the arbitrarily derived minimum op-

timum, or maximum optimum for growth parameters. It is also potentially

misleading to use “optimum” in these descriptions, as the values are always

not the optimum for an organism.

3. High-pressure experiments can be conducted using relatively cheap, easy to

build and operate equipment, in a compact space with multiple replicates

running concurrently, instead of in expensive reactors that limit accessibility

for many researchers.

4. Methanothermococcus okinawensis is not inhibited by Mars-relevant organic

compounds, a martian simulant regolith or a modified medium comprised of

derived fluid products from the same regolith.

269



6.2 Manuscripts to be written from this thesis

1. A manuscript focusing on the fact that the G&C content of methanogens does

not conform to various hypotheses previously proposed.

2. A manuscript focusing on the characterisation of the carbonaceous chondrite

used in the chemical simulation experiments, in conjunction with two other

PhD students who also characterised, and used in experiments, the CC mate-

rial.

3. If the oxygenation of medium issue can be remedied when using the manifold,

then a methods manuscript will be submitted to describe this equipment and

instruct on its construction and operation.

6.3 Conclusions

This thesis was designed to answer science questions pertaining to the potential for

microbial methanogenesis occurring within the subsurface of Mars. Using laboratory-

based simulation techniques, methanogenesis has been shown to be feasible within

chemical conditions analogous to those of the subsurface of Gale crater. A manifold

was built to simulate the temperature and pressure conditions found in the near

subsurface of Mars and the survival of methanogens in an environment containing

a small amount of O2 has been shown; methanogens are strict anaerobes with a low

tolerance for O2. Using data for all methanogen type strains described before 2021,

a range of statistics (mean, standard deviation etc.) were updated from Jab loński

et al. (2015), or newly reported, for key growth parameters such as temperature,

salinity, pH, growth rate and G&C content. Additionally, methanogen type-strain

data for these parameters were analysed in groups (e.g. per metabolic pathway) and

ecologically useful ranges (e.g. low, medium, high and extremely high temperature,

salinity and pH). To recap, the research questions (RQ) of this thesis were:

1. Is there an optimal set of growth parameters for methanogenic type-strains?

(RQ1)
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2. Can methanogenic microbes produce methane in the simulated thermophysical

conditions present in subsurface Mars? (RQ2)

3. Can methanogenic microbes produce methane and other volatile organic com-

pounds (VOCs) in a simulated chemical subsurface martian environment?

(RQ3)

The hypotheses for these research questions were that:

1. There is an optimal set of growth parameters for methanogenic type-strains;

a meso-thermic temperature, a non-zero NaCl salinity and neutral pH

2. The thermophysical conditions of the upper kilometre of the martian sub-

surface will not inhibit methanogenesis of the hydrogenotrophic methanogen

Methanoculleus marisnigri

3. The subsurface conditions of Mars are not inhibitory to the hydrogenotrophic

methanogen Methanothermococcus okinawensis.

4. Other VOCs are formed during chemical simulation experiments, as well as

methane

Presented below are the main conclusions of this thesis. A corresponding notation

in parentheses denotes the research question to which the conclusion is related to.

Following the conclusions are some details of potential future work.

Methanogens, on average, grow within a large range of temperature,

salinity and pH and that increases the chance that an environment is

suitable for at least one strain to survive and grow (RQ1)

Analyses identified (in Section 3.3.10) that each methanogen type-strain can grow

and metabolise over a large range of temperature (δ temperature = 27 ± 9◦C),

salinity (δ salinity = 0.88 ± 0.62 M NaCl) and pH (average pHmax = is 7.4 ±

6.6, and average pHmin is 5.3 ± 4.9). Additionally, methanogens generally are not

restricted to small parameter ranges for temperature, salinity and pH. This high-

lights the need for future studies that aim to grow methanogens within fields such
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as microbial ecology, astrobiology and biotechnology to take into consideration the

dichotomy between optimal growing conditions that are often used in a laboratory

setting and the conditions within the natural environment. Studies that aim to pro-

duce maximum methane yields should focus on optimal growth conditions, whereas

studies focusing on microbial growth in natural environments should focus on repli-

cating the in situ conditions of the natural environment, for parameters that can be

controlled.

As methanogens can grow in a broad range across key environmental factors (for

example, temperature, salinity and pH), this increases the chances that a specific en-

vironment is capable of hosting a methanogenic strain, including on Mars. However,

whether on Earth or Mars, there will be inter- and intra-environmental variations.

Therefore, methanogens possessing the ability to metabolise in many different combi-

nations of factors increases the feasibility of methanogens surviving and metabolising

in these environments, if present. Many previous studies have identified permafrost

methanogens as suitable model organisms for Mars (Shcherbakova et al., 2015), as

permafrost is present within the subsurface of Mars (Dundas et al., 2018; Lasue

et al., 2019). However, liquid water is thought to be present within the subsurface

of Mars, to a depth of tens of kilometres, before pore space becomes a limiting factor

(Monaghan, 2013; Jones et al., 2011), however, the full extent of the hydrosphere in

the martian subsurface and how it might interact with the cryoshpere (that would

stop methanogenesis and block transport pathways to the surface) is not fully under-

stood (Clifford and Parker, 2001; Lasue et al., 2013). In a lithostatic pressure regime

the temperature will be higher than in the permafrost regions and so methanogens

present in deeper environments would not need to be adapted to metabolise at such

low temperatures, and are more likely to have access to liquid water. Additionally,

as individual strains have a large temperature growth range, they are potentially

more likely to be found over a greater extent of environmental temperatures, over a

greater depth range. Moreover, whilst temperature is likely controlled by physical

properties of the subsurface and varies over depth, salinity and pH variation would

not be coupled to depth and instead dependent on specific, local geology.
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Methanogens do not conform to the general thermal adaptation hypoth-

esis found in other microbes regarding the correlation of G&C content

and optimal growth temperature (RQ1)

Statistical analysis identified (in Section 3.3.10) that there is not a significant corre-

lation between the growth temperature (either optimal or maximum) and the G&C

content of methanogens. This result was true when analysing all methanogens, when

grouping methanogens into taxonomic families (correlation was found in only one

family) or when grouping methanogens into ranges based on their optimal growth

temperature. This demonstrates that methanogens do not rely on an elevated G&C

content for thermal stability of genetic material. Description of new strains of

methanogens should avoid coupling growth temperature to G&C content, as G&C

content is not a useful indicator of thermophily.

It is not statistically useful to record the optimal growth range for tem-

perature, pH and salinity (RQ1)

When a new methanogen is described, often five values are given for temperature,

salinity and pH that describe the full range in which that strain can survive (min-

imum, minimum optimum, the optimum, the maximum optimum, maximum), but

the minimum optimum and maximum optimum are not specific defined or used in

a consistent manner. It was determined that the average minimum optimum, opti-

mum and maximum optimum are not significantly different from each other, within

the parameters of temperature, salinity and pH across all type-strains. Within the

literature that describes a new strain, where a minimum and maximum optimum

are defined for one or more of temperature, pH and salinity, no statistical or eco-

logical justification is provided as to why particular values were chosen. The only

example of a potentially legitimate instance of reporting an optimal range is with

the description of Methanobacterium arbophilicum that is reported to have an opti-

mum temperature of 30◦ when methane production was measured and 37◦C when

the optical density of cultures was measured (Zeikus and Henning, 1975). However,

still the use of the term optimum to describe the range between these two values is

misleading. An example of an instance of misuse of an optimal range is with the

description of Methanobacterium veterum that is reported to have an pH optimum
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range of 7.2 to 7.4 within a table of parameters, but an optimum range of 7 to

7.2 within the official written description (Krivushin et al., 2010). No data is re-

ported for growth rate or methane production for increments within the range of 7

to 7.4, nor is a discrete optimum reported (Krivushin et al., 2010). However, for the

purposes of analysis here, pH 7.1 was chosen as the discrete optimum value, demon-

strating the confusions that could arise when an optimum growth range is provided,

as well as, or instead of, a discrete optimum. In addition, the terms use the word

optimum, that itself implies a single, discrete value as opposed to a range. Describ-

ing an optimum range also results in the nesting of a constrained range within the

main growth range (i.e. an optimum pH range of 7 to 7.2, within a pH growth range

of 5.2 to 9.4, for Methanobacterium veterum; Krivushin et al., 2010). For these rea-

sons, confusion could arise when describing growth statistics for strains. No longer

describing the minimum to maximum optimum range would ensure that a simpler

range consisting of only the minimum, optimum and maximum values is used. As

there are type-strains that are described without an optimum range already, this

suggests that not describing that range does not substantially impact how a strain

is described. However, it could possibly limit the potential for confusion that may

arise when referring to a strain’s growth conditions, which is useful for simplifying

description and interpretation of results.

Methanogenic metabolism can be assessed in a high-pressure, meso-thermic

manifold instrument environment (RQ2)

It was not determined here whether Methanoculleus marisnigri (a hydrogenotrophic

mesophile) was able to survive and be metabolically active within the chosen param-

eters for temperature and pressure (25◦C and 60 bar). This was due to the presence

of O2 in the N2 supply used. However, a custom-built piece of apparatus was con-

structed that was able to function at the desired high-pressure and temperature.

The manifold was also able to fulfil a number of other operational requirements that

make it more accessible financially and more efficient to use and operate compared

to existing equipment (e.g. Parr pressure-reaction vessels), as very little additional

infrastructure is required, only standard laboratory equipment such as an autoclave,

incubator and free-standing gas cylinders. Despite the issue with O2, suggestions
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are made in Section 6.4 as to how O2 could be removed from the nitrogen supplied

to provide the high pressure. This ensures that researchers are not limited to us-

ing low-throughput, expensive procedures for conducting anaerobic microbiology in

conditions not conducive to traditional serum vials.

Methanoculleus marisnigri can potentially survive oxygenation for up

to five weeks (RQ2)

Despite the oxygenation of media resulting in the failure of several experiments, pre-

liminary data were collected that showed some cells remained viable for the five-week

period of the experiment runtime and were then grown in ideal growth conditions

afterwards. This demonstrates that Methanoculleus marisnigri can remain viable

when small concentrations of O2 are present, much like has been shown for other

strains of methanogens (Angel et al., 2011, 2012; McAllister and Kral, 2006). This

has implications for the survival of anaerobic strains in the subsurface of Mars. Liq-

uid water is potentially transient on Mars, as suggested by the occurrence of the

recurring slope lineae. If methanogens present in martian groundwater are peri-

odically exposed to the atmosphere (O2 present at a concentration of 0.1%), then

potentially this suggests that they need to survive periods of time when atmospheric

O2 might dissolve into the water (Stamenković et al., 2018), before the water retreats

back into the subsurface and the increase in temperature and pressure remove the

oxygen. However, RSL are typically present for longer than five weeks; appearing in

late martian spring and persisting until early martian autumn (McEwen et al., 2011).

Additionally, methanogens would then also have to be adapted to rapid changes in

temperature and pressure (which are both coupled with depth and connectivity to

the surface conditions), as well as be adapted to changes in ion concentration, due to

evaporation and accumulation of water, however these conditions were not tested in

the temperature and pressure simulation experiment here. More broadly, this sug-

gests that at least Methanoculleus marisnigri potentially possesses adaptations to

resist low-concentration, O2 stress. Angel et al. (2011) suggested some methanogens

could be metabolically active when O2 is present but Methanoculleus marisnigri

does not appear to possess that ability when grown in pure culture. This could

suggest survival and engaging in metabolic activity in such environments require
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different methods of adaptation. Such adaptations could be specific to surviving

or metabolising when O2 is present or could be secondary adaptations, although

this cannot be established by data presented in this thesis. Adaptations such as

these could be used by putative martian methanogens that might come into peri-

odic contact with dissolved O2 in the subsurface of Mars. Alternatively, this could

suggest that community dynamics in natural environments are important to the

survival and/or metabolism of methanogens within low-concentration O2 environ-

ments, highlighting the importance to consider other microbes that could co-exist

with methanogens in the subsurface of Mars.

A hydrogenotrophic methanogen can actively produce methane in a sim-

ulated chemical subsurface martian environment (RQ3)

The chemical environment of subsurface Mars was simulated (regolith, brine, organ-

ics) in serum vials, and Methanothermococcus okinawensis was successfully grown at

60◦C. This suggests that the main components of the chemical environment of Gale

Crater are not inhibitory to methanogenesis by a hydrogenotrophic methanogen.

However, whilst important martian parameters were investigated and found to not

be inhibitory to methanogenesis, there are other factors present in the martian

environment that were not simulated. These include the presence of perchlorates

(magnesium and calcium) that have been identified in wet chemistry experiments

performed in the Phoenix lander at concentrations as high as 0.6 wt% (Hecht

et al., 2009). Other hydrogenotrophic methanogens have been shown to not be

inhibited significantly by perchlorates at Mars-relevant concentrations (Kral et al.,

2016; Shcherbakova et al., 2015), however these strains were permafrost-associated

methanogens with lower optimal temperatures compared to Methanothermococcus

okinawensis. It is also unknown whether Methanothermococcus onkinawensis would

be metabolically active at the higher pressures found deeper in the subsurface of

Mars (Jones et al., 2011). Much of the hydrogen (Schink, 1997; Conrad, 1999; Hat-

tori, 2008) and CO2 (Schink, 1997; Hattori, 2008) used by methanogens on Earth is

provided by syntrophic microbes. Therefore, growing methanogens in pure culture

in this study is likely unrealistic and potentially a much more complex ecosystem

would be needed in the martian subsurface to sustain active methanogenesis. Ad-
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ditionally, on Earth approximately 66% of methane that is produced is metabolised

by methanotrophic microbes (Kirschke et al., 2013).

Habitability of martian brines (RQ3)

It was demonstrated by results here (Section 5.4.2) that Methanothermococcus oki-

nawensis was not metabolically inhibited by a martian brine simulating a ground-

water putatively present in the subsurface of Gale crater. The brine used here was

a virgin, abiotic brine, that had never come into contact with any living cells and

the methanogenic strain was only present in the brine for four days. On Mars it is

more likely methanogens will be in contact with brines for longer periods of time

(potentially, geological timescales) and that brines would already contain microbial

cells, or have had in the past. Therefore, the result reported here is preliminary and

should be considered a first step to determining the habitability of martian brines

for methanogenic strains.

Given that brines may be transient (Ojha et al., 2015; Abotalib and Heggy, 2019;

McEwen et al., 2021) and subject to evaporation (Grimm et al., 2014), then methan-

ogens present in these environments might not only have to be able to grow in

the presence of certain solutes, such as NaCl, but also may have had to adapt to

large variations in solutes present as they become concentrated or diluted. Us-

ing data from the database compiled in Chapter 3, a positive correlation between

methanogens’ δNaCl (NaClmax - NaClmin) and their NaClopt (Figure 6.1) was iden-

tified. This would suggest that methanogens that are adapted to grow in high NaCl

concentrations are also adapted to surviving in a larger range of salinities compared

to strains with a low NaClopt. This is a condition that has been considered essential

for bacterial strains to survive that are found in analogue ancient martian brine

systems on Earth (Fox-Powell et al., 2016; Kelbrick et al., 2021).
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Figure 6.1: NaClopt and δNaCl of methanogen type-strains. There is a positive correlation between
the NaClopt of methanogens and their δNaCl (NaClmax - NaClmin)

Other, non-methane, VOCs are produced when the chemistry of subsur-

face of Mars is simulated, with and without the presence of methanogenic

cells (RQ3)

A qualitative assessment identified additional peaks in both biotic (n = 7) and abi-

otic (n = 9) experiments, and statistical analysis showed that the additional peaks

eluted at a significantly different retention time compared to the mean retention

time of methane peaks. This suggests that additional peaks are not due to resid-

ual methane eluting at variable retention times. This would be unlikely anyway,

and any methane that does not elute with the main bulk would simply increase the

noise level across the whole chromatogram. This suggests that the martian chem-

istry produces additional VOCs, when organics are present. It was not determined

during analysis here what the additional VOCs were, or what chemical reactions

were taking place. However, post-3 min peaks could be ethane, with compounds

such as ethylene and acetylene eluting in between (Lee et al., 2014; Lomond and

Tong, 2011). But the presence of additional VOCs in a simulated chemical mar-

tian environment demonstrates an advancement in interpreting future VOCs in the

martian atmosphere. If specific compounds are associated with an abiotic or biotic

environment, and methane is co-detected with one of the VOCs, then this would be
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more robust than just a detection of methane in interpreting data and suggesting

whether methane was produced by methanogens.

Currently IR spectroscopy is the dominant technique to search for VOCs in the

atmosphere of Mars (e.g. Mumma et al., 2009; Webster et al., 2018; Knutsen et al.,

2021). Additionally, IR spectroscopy detects molecules based on their absorbance of

IR, which is in turn dependent on the dipole moment of the molecules present that

is proportional to polarity (Stuart, 2004; Lide, 2014). Therefore, if the additional

VOCs are not residual methane peaks, if they are more polar than methane and if

they absorb at IR wavelengths, then they would represent targets for future remote

and orbital-based IR instruments to better analyse the source of all of the VOCs

present. In descending order, the following types of molecules are more polar than

methane; amides, acids, alcohols, amines and than other alkanes (Lide, 2014). How-

ever, discerning both where in the GC chromatogram a transition from non-polar to

polar compounds would occur, and also what compound would produce a peak at

3.3 minutes would be difficult without the appropriate standard gases to calibrate

against. This would be financially and practically difficult task. For this reason,

analysis by GC-FID is a limitation of the experiment design used here.

6.4 Future work

In addition to the concluding remarks above, further areas of research were identified

that would expand upon the results obtained here. These are suggestions to enable

one of the science questions to be answered that could not be answered here, as well

as suggestions for experiments to build upon other results presented in this thesis.

Updating methanogen database

The database used in Chapter 3 was compiled from an earlier database (Jab loński

et al., 2015) that is present online. However, the post-2015 data collated here were

not added to the online database of Jab loński et al. (2015), further work should en-

sure that the online database is updated regularly. An annual, or biennial, literature

review should be conducted to ensure that the online database remains up to date to
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ensure that additional meta-analytical studies are conducted with the most relevant

and up-to-date data. Without this type of implementation, it is the responsibility

of the publishing author of a new strain to upload the information to the database

and this system has evidentially failed, thus far. Furthermore, perhaps it should be

common practice to have a database of all microbial strains described and that this

should become a requirement upon submitting a new description of a strain to a

journal. This would enhance the ability of future studies to access relevant growth

parameter data quickly and to make useful comparisons between types of microbes.

Possible solution to limit O2 contamination

The results here showed that methane was not produced at 60 bar, likely due to

O2 contamination within the N2 gas supply used to overpressure the SSSCs. Addi-

tionally, at 1 bar no methane was detected but it could not be established whether

methanogenesis was occurring. An “empty” N2 cylinder could be pumped down

using a powerful scroll pump to a pressure of functionally zero. An “O2-free” N2

cylinder can be then used to fill the empty cylinder, whilst a regulator can be at-

tached to the full N2 cylinder to ensure that the flow of gas between the full cylinder

to the empty cylinder remains low enough to allow the gas to pass through an O2

trap installed in the line between the two cylinders. This would be facilitated by

a pump (Haskel Model AG-75 Air-Driven Gas Booster) that can transfer gas from

a low-pressure cylinder to a high-pressure cylinder. Therefore the re-filled cylinder

should have much less O2 present. The surface area of an O2 trap would need to

be maximised by either repeating the number of times N2 passes over a single trap,

by using multiple trap installed in a line for N2 to pass over, or by using a large

trap. Alternatively, the N2 gas line could pass through a trap with a larger sur-

face that is submerged in liquid N2 or liquid Ar (boiling point is -185◦C), causing

the O2 to condense into a liquid but allowing the N2 to pass over as a gas, due

to the difference in boiling point between O2 (-182◦C) and N2 (-195◦C). However,

due to time constraints, this was not possible to test during the duration of this

project. This was because the additional tests that took place to determine why the

medium was becoming aerobic were unforeseen and added an excessive duration to

the data-collection period of this study and experiments for Chapter 5 had already
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been delayed significantly.

Possible way to examine the hypothesis that methanogenesis is occurring

in 1 bar experiments

Other than employing a system similar to the one described in Pappenreiter et al.

(2019) and Mauerhofer et al. (2021), here some additional methods are suggested

that are compatible to the manifold designed to determine if methanogenesis was

occurring. First, media from SSSCs could be retrieved post-experiment and cells

counted, which was not done here because cell concentration was too low to prac-

tically undertake the task of counting cells under a microscope. Instead a more

sensitive technique, such as flow-cytometry, could be used. This would determine if

the cell concentration has increased and be used as a proxy to imply methanogenesis

has occurred.

Additionally, the experimental design could be altered from that given in section

4.3.5, by using a scroll pump to remove all residual N2 present after flushing the gas

sample bags. Also, the aliquot of gas taken from the gas sample bag and injected

into the GC could be increased to maximise the number of moles of CH4 present in

the sample.

More sensitive instruments could be used, such as a new GC-FID (to ensure all com-

ponents are operating efficiently and as designed), a cavity ring-down spectrometer

(CRDS), a proton transfer reaction mass spectrometer (PTR-MS) or a selected-ion

flow-tube mass spectrometer (SIFT-MS). The stated detection limit of the Agilent

7890a used in this study is down to the low ppb. However, the decline in sensitivity

of a GC-FID is demonstrated by the data in this study, where a detection level of

low ppm was achieved. CRDSs detect compounds that absorb at IR wavelengths by

detecting the difference in time it takes for the exponential decay of IR light trapped

in between two mirrors to occur when the gas sample present in the cavity com-

pared to when the cavity is at vacuum conditions. It has been shown to be sensitive

to CH4 and can detect CH4 dow to 10 to 30 ppb (Martinez et al., 2020). CRDS

also performs measurements over much shorter timescales (∼1 second) compared to

GC-FID (minutes).
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PTR-MSs and SIFT-MSs are typically used for ambient air and measurements of

gases in breathe, to both quantify and identify components. They both have a

detection limit in the ppt range (Yuan et al., 2017) and would therefore de-tangle

a genuine CH4 signal from noise. However, due to limitations with the reactivity of

CH4 with the precursor ions used in SIFT-MS, H3O
+, NO+ and O+

2 , it can only be

measured in high-concentrations (low ppm levels) (Dryahina et al., 2010) relative to

the general limit of detection for most species analysed (Smith and Španěl, 2005).

This is because the first two ions are not reactive under the conditions used in a

SIFT-MS and the latter is reactive but only very slowly. PTR-MS is typically used

for non-CH4 VOCs because of low limits of detection (e.g. Sommariva et al., 2014).

In addition, the 1 bar overpressure experiments could be sampled at the end of

the experiment once methane has been allowed to accumulate throughout the ex-

periment then all of the gas can be collected into a gas sample bag and aliquots

injected into a GC. This partially follows the procedure of Mauerhofer et al. (2021),

where methane production was observed at 1 bar overpressure for many strains of

methanogens. This would increase the absolute concentration of methane present in

aliquots injected into the GC thereby increasing the chance of methane detection.

Altogether, alterations to the experiment design should enable the original science

question to be answered. Pressure values between 1 and 60 bar could also be tested;

this is especially important if methane production occurs at 1 bar but not at 60 bar,

as this would identify a potential upper-pressure limit to active hydrogenotrophic

methanogenesis. Currently it is known that active methanogenesis by a few hyper-

thermophilic, hydrogenotrophic methanogens in high-pressure conditions was not

inhibited at pressures up to 50 bar. However, Methanoculleus marisnigri and other

strains more compatible with the near-surface subsurface of Mars that grow at meso-

thermic temperatures have not been shown to grow at pressures above 2 bar. This

in turn would suggest a limit to the depth methanogens might be present in Mars’

subsurface. Lastly, other strains of methanogens could be used to establish if there

is a different response between individual strains, or between groups of strains (i.e.

the metabolic pathway being used). Potentially, methylotrophic methanogenesis
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would be more favourable closer to the surface, where organic material is more

likely to be present, and so if experiments identified that some strains of methy-

lotrophic methanogens have a more constrained range of pressures under which

methane production is viable then those strains might be more analogous to mar-

tian methanogens that use the methylotrophic pathway. Alternatively, methanogens

that can use multiple pathways, such as those with the genera Methanosarcina that

can use either the hydrogenotrophic or methylotrophic metabolic pathway, might

be better suited to the variation in organic material and hydrogen concentration in

the subsurface. They would be considered good martian analogue methanogens if

experiments show that they can withstand a larger range of pressures, and therefore

a larger depth range.

Simulated chemical conditions for methanogenesis

Here, a martian simulant brine was used, however, additional components (NaCl,

NH4Cl, K2HPO4 and Fe(NH4)2(SO4)2) were added to provide the requirements for

the growth of Methanothermococcus okinawensis (NaCl), or to provide CHNOPS

or components that methanogens require that are low in concentration within the

groundwater designed in Ramkissoon et al. (2021). By removing the components

that contain Fe, N and P it would make the brine solution more similar to the

conditions assumed for groundwater at Gale Crater (Ramkissoon et al., 2021) and

then it could be determined if the remaining components provide enough Fe, N

and P for growth to occur, even minimal and slow growth. Additionally, NaCl is re-

quired for growth of Methanothermococcus okinawensis and therefore was a required

component of the brine. As discussed in Section 5.4.2, the concentration could be

reduced incrementally until no growth occurs, to determine the minimum mass re-

quired to supplement the potential Na+ and Cl− ions provided by the dissolution of

the regolith. Additional NaCl would not be required for all strains of methanogen

but this concept should be applied to any methanogen grown in a simulated chem-

ical environment. Therefore, strains of different metabolisms should be used and

assessed to determine what common components are the minimal set required to

support methanogenic growth. This would include using the optimal substrates for

the strains grown. Additionally, a methylotrophic methanogen could be grown both
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with and without optimal substrates (Table 1.7) but with Mars-relevant organics

(e.g. benzene or toluene (Miller et al., 2016) or PAHs, macromolecular compounds

and aromatics (Steele et al., 2016)), to investigate if that metabolic pathway is

plausible for Mars.

Methanogen survival in low O2 environment

O2 is present (0.1%) in the atmosphere of Mars (Jensen et al., 2008). Results in

Chapter 4 suggested that Methanoculleus marisnigri was able to survive for up to

five weeks in media that had an unknown but low concentration of O2 present. This

would indicate that Methanoculleus marisnigri possesses the ability to survive in

low concentration O2 environments, as has been demonstrated in other methanogens

(Angel et al., 2011, 2012), but does not possess the ability to metabolise in low con-

centration O2 environments, which has been shown in some methanogens (Angel

et al., 2011, 2012). Growth experiments could be conducted that assess the surviv-

ability of methanogens (both other hydrogenotrophic strains, as well as strains that

use the methylotrophic, acetoclastic and H2-dependent methylotrophic metabolisms)

to determine (1) how long can methanogens survive in an oxygenated medium and

(2) what concentration of O2 is required to render survival of methanogens statisti-

cally unlikely. The two variables of O2 and time would likely be coupled, with higher

O2 concentrations and longer periods of time increasing the likelihood of non-viable

methanogenic cells. This is particularly important for determining the potential for

methane production in the subsurface of Mars, as water could be a transient phe-

nomenon, transporting some liquid water to the surface where atmospheric O2 could

dissolve into it. If methanogens were present, or water with O2 dissolved within it,

were to mix with subsurface water that contained methanogens, this would repre-

sent another limitation on their overall survival. This would reduce the likelihood

of analogous methanogens being present on Mars. Additionally, modelling the feasi-

bility of whether atmospheric O2 could become dissolved into transient water at the

surface and at what temperature and pressure (that would determine a potential

depth range) O2 remains dissolved within water would be a valuable undertaking.

Determine the gases responsible for additional VOC peaks
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This work identified that additional peaks are produced in both abiotic and biotic

chemical simulation experiments. A repetition of this experiment should be consid-

ered to determine if a non-methane VOC is responsible for each additional peak and

this could include the use of additional gas standards, such as ethane, as positive

controls. Moreover, an attempt could be made to determine the component of the

simulated environment is responsible for producing the additional peak. This could

be achieved by using GC-mass spectrometry (GC-MS), which is a technique that

uses the mass-to-charge (m/z) ratio of organic compounds. Each compound has

both a unique eluting time through a GC column, separating gases, and a unique

m/z ratio. In combination this could be used to determine what types of VOCs

are being produced. An experimental design similar to the one used in Chapter 5

would be sufficient. Further analysis could then be conducted to attempt to identify

specific gases, in turn this would allow for the determination of their IR wavelength

absorption characteristics. This would allow for the most appropriate wavelength

range to be studied in future missions to Mars.

Investigating brine chemistry alterations as a biosignature It has been pre-

viously shown that over short timescales (five days), the Rocknest groundwater

composition used in this study was not altered by bacterial strains grown within it

(Kelbrick et al., 2021) but this does not preclude that changes might occur to the

composition over short time scales when methanogens are present, or that changes

over a long timescale would not occur. Kelbrick et al. (2021) also modified their

brine to contain the same elemental composition as the Gale Crater regolith simu-

lant used as an analogue in this study. Any changes in brine/fluid chemistry could

be used as a biosignature for methanogens if they take up nutrients and trace el-

ements from the fluid and produce additional compounds that are excreted. This

would alter the fluid composition, compared to a fluid that had never had biological

processes occurring within it. However, this was not specifically assessed in this

study but should be investigated in the future.

Whilst it is not yet possible to sample past or present liquid water martian envi-

ronments, it is still valuable to conduct experiments to determine if biosignatures
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could be identified, even when it is not possible to directly detect the presence of

cells. Lipid production and amino acid excretion rates in Methanothermococcus ok-

inawensis were established in the presence of inhibitors relevant to Saturn’s moon,

Enceladus (Taubner et al., 2019) and a similar scenario could occur in different

brine compositions on Mars. However, organic molecules could degrade rapidly and

therefore, whether any inorganic changes to the chemistry occur that are caused

by the presence of methanogens, and methanogenesis, should be investigated. If

methanogens are present in martian brines, then both viable cells and non-viable

cells could leave inorganic chemical traces in the brine that differentiate the brine

from a virgin, abiotic brine. A long-term experiment (multiple years long) to identify

if there is a significant difference in composition for a martian brine that contains ac-

tive methanogenic cells, another brine that contains dead methanogenic cells and a

brine that contains no methanogenic cells, could investigate this aspect. This would

use techniques such as inductively coupled plasma mass spectrometry (ICP-MS),

that can detect fine-detailed compositional changes in liquids and can distinguish

between element isotopes. An experiment such as this could be repeated using a

pure-culture of active methanogens that use different metabolic pathways for the

active brine culture replicates, as well as, co-culture experiments with methanogens

using more than one metabolic pathway. This would help to understand the com-

plexity of chemical changes that might occur if methanogens are present, or have

been present, in martian subsurface brine environments and significantly influence

the types of future instruments sent to the surface of Mars.
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Appendix A

Appendix

A.1 Appended microbial methods

Additional details are provided for deselected strains that were not subsequently

utilised in core experiments that contributed to answering the science questions.

Additionally, details for solutions that are made less often, and are used in smaller

volumes, compared to other solutions, is given below.

A.1.1 De-selected strains

Methanogenium frigidum (DSM - 16458T ), strain ACE-2 (Table 2.1), isolated from

Ace Lake in Antarctica (Franzmann et al., 1997), was originally selected for this

study, but was subsequently not used. The strain is an obligate anaerobe and

grows at temperatures hypothesised to be present in the upper few dozen meters

of the martian subsurface (Jones et al., 2011). As a consequence, the growth rate

is extremely slow and whilst growth was anecdotally observed in optimum condi-

tions using Live/Dead staining it was not statistically significant over many months.

Therefore, this strain was de-selected due to not being conducive to the time-frame

of the project.

Methanobacterium subterraneum (DSM - 11074T ), strain A8p (Table 2.1), isolated
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from the Äspö hard rock laboratory, a subterranean granitic environment (Kotel-

nikova et al., 1998), was originally selected for this study, but was subsequently

not used. Substantial growth was anecdotally observed in optimal conditions us-

ing Live/Dead staining, however cells formed large aggregates (Figure A.1). Con-

sequently direct cell counts and optical density measurements were not possible.

Ensuring that the starting concentration of cells ml−1 is approximately equal in the

inoculum for each sample is a key requirement of the experimental design of both ex-

periments. Therefore this strain was de-selected and not used for main experiments.

However, this strain was used for some preliminary experiments where methane pro-

duction was used as a proxy to confirm survivability of cells. Methanobacterium sub-

terraneum was grown in Methanobacterium subterraneum medium (MSM; DSMZ

814 media) containing the following (per litre in sterile Milli-Q water): 0.4 g of

NH4Cl, 4.00 g of MgCl2 · 6 H2O, 0.45 g of NaCl, 0.5 g of K2HPO4, 3.00 mL of

FeSO4 · 7 H2O solution (0.1% w/v in 0.1 N H2SO4), 2.00 g of NaHCO3, 1.00 g of

Na-acetate, 3.20 g of Na-formate, 1.00 g of Tryptone (Sigma-Aldrich, St. Louis,

USA), 0.25 g L-Cysteine-HCl · H2O (Sigma-Aldrich, St. Louis, USA), 1.00 mL of

503 vitamin solution (Section A.1.2) and 10.00 mL of 141 trace element solution

(Section A.1.2). Resazurin was added as a redox indicator (0.50 mL). The final pH

was 7.5. NaHS solution was added as a reducing agent and a source of sulphur

(0.10 g L−1 of medium).

Methanosarcina barkeri (DSM - 800T ), strain MS (Table 2.1) is found in a range of

environments including freshwater and marine mud, the rumen and animal-waste la-

goons, but was originally isolated from an anaerobic sewage-sludge digester (Bryant

and Boone, 1987b). It was chosen for this study as it can utilise three metabolic

pathways and a range of substrates which are relevant for Mars, such as the combina-

tion of H2 and CO2 or potentially the organic compounds detected and hypothesised

to be present. Growth of Methanosarcina barkeri was attempted in Methanosarcina

barkeri medium (MBM; DSMZ 120a) containing the following (per litre in sterile

Milli-Q water): 0.35 g of K2HPO4, 0.23 g of KH2PO4, 0.50 g of NH4Cl, 0.50 g of

MgSO4 · 7 H2O, 0.25 g of CaCl2, 2.25 g of NaCl, 2.00 mL of FeSO4 · 7 H2O solution

(0.1% w/v in 0.1 N H2SO4), 0.85 g of NaHCO3, 10.00 mL of methanol, 2.00 g of
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yeast extract (Fluka analytical), 2.00 g of Casitone (BD BBL), 0.3 g L-Cysteine-HCl

· H2O (Sigma-Aldrich, St. Louis, USA), 10.00 mL of 141 vitamin solution (Section

A.1.2) and 1.00 mL of 320 trace element solution(Section A.1.2). Resazurin was

added as a redox indicator (0.50 mL). The final pH was 6.5 to 6.8. NaHS solution

was added as a reducing agent and a source of sulphur (0.13 g L−1 of medium).

A.1.2 Vitamin and trace element solutions

DSMZ 141 Vitamin solution

The vitamin solution contained the following (per litre in sterile Milli-Q water):

2.00 mg of biotin, 2.00 mg of folic acid, 10.00 mg of pyridoxine-HCl, 5.00 mg of

thiamine-HCl · 2 H2O, 5.00 mg of riboflavin, 5.00 mg of nicotinic acid, 5.00 mg of

D-Ca-pantothenate, 0.10 mg of vitamin B12, 5.00 mg of para-aminobenzoic acid and

5.00 mg of lipoic acid. The final pH of the vitamin solution was 7.0.
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Figure A.1: Aggregated Methanobacterium subterraneum cells. Cells have been L/D stained, green
cells are viable and red cells are non-viable. Scale unknown

DSMZ 503 Vitamin solution

The vitamin solution contained the following (per litre in sterile milli-Q water):

100 mg of Vitamin B12, 80 mg of p-Aminobenzoic acid, 20 mg of D(+)-Biotin,

200 mg of Calcium pantothenate, 300 mg of Pyroxidine hydrochloride and 200 mg

of Thiamine-HCl · 2 H2O.

DSMZ 141 Trace element solution

The trace element solution contained the following (per litre in sterile milli-Q water):

1.50 g of Nitrilotriacetic acid, 3.00 g of MgSO4 · 7 H2O, 0.50 g of MnSO4 · H2O, 1 g

of NaCl, 0.1 g of FeSO4 · 7 H2O, 0.18 g of CoSO4 · 7 H2O, 0.1 g of CaCl2 · 2 H2O,
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0.18 g of ZnSO4 · 7 H2O, 0.01 g of CuSO4 · 5 H2O, 0.02 g of KAl(SO4)2 · 12 H2O,

0.01 g of H3BO3, 0.01 g of Na2MoO4 · 2 H2O, 0.03 g of NiCl2 · 6 H2O, 0.3 mg of

Na2SeO3 · 5 H2O and 0.4 mg of NaWO4 · 2 H2O. The final pH of the trace element

solution was 7.0.

DSMZ 320 Trace element solution

The trace element solution contained the following (per litre in sterile milli-Q water):

10 ml of HCl (25%; 7.7 M)1.50 g of FeCL2 · 4 H2O, 0.07 g ZnCl2, 0.10 g of MnCl2 ·

4 H2O, 0.006 g of H3BO3, 0.19 g of CoCl2 · 6 H2O, 0.002 g of CuCl4 · 2 H2O, 0.024 g

of NiCl2 · 6 H2O and 0.036 g of NaWO4 · 2 H2O.

A.1.3 Additional solutions

Vitamin, TE and L-cysteine HCl stock solution

A stock L-cysteine HCl solution was prepared by dissolving L-cysteine HCl in ster-

ile milli-Q water at a concentration of 0.025 g ml−1. A vitamin solution and trace

element solution was prepared as per the instructions in the sections above. Each

were filter sterilised and combined into a sterile serum vial in a 2:1:1 ratio respec-

tively. The serum vial was then sealed with a butyl rubber stopper and sparged

with nitrogen.

Methanol solution

NaHS solution

As Na2S (the original sulphur source given in the media instructions) was deemed

too dangerous to use in the laboratory NaHS was used instead. The concentration

of NaHS used was adjusted to ensure the same concentration of sulphur remained

the same. For example, for 141 media 0.11 g of NaHS per litre of media.
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A.1.4 ATP assay

Living cells generate ATP and therefore detecting its presence in a liquid culture

can confirm the presence of active or recently active biotic processes. Conversely,

its absence can confirm the lack of biotic processes.

Media prepared to grow methanogens contains many ingredients, including salts,

organics and trace metals. Some of these are insoluble, are similar shapes and

sizes as microorganisms and can also become stained green with L/D stain. When

required to confirm the absence of contamination of cultures an ATP assay was also

used.

An ATP assay, using a luminometer (Promega, Glomax 20/20), was utilised to

confirm the absence of contamination of some Methanoculleus marisnigri cultures.

Cultures appeared to be almost dominated by green stained cell-sized and -shaped

objects present in both biotic and abiotic cultures after L/D staining, as well as

legitimate methanogen cells in biotic cultures. The average luminosity of biotic

cultures was 5.3 x 106, compared to an abiotic culture average of 5.1 x 103. A freshly

prepared solution of abiotic 141 media was also assayed and had a luminosity of 615.

The increase in luminosity between the abiotic and biotic cultures of the same age

indicates that methanogens present were providing ATP in solution for binding in

biotic cultures and no ATP was present in abiotic cultures (as these were within the

expected noise range). Therefore it was determined that there was no contaminant

present.

A.2 Appended Meta analysis
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Table A.1: Methanogen taxonomic data, metabolic designation and sample environment of isolation

Genus Strain Family HT MT AC MR Sample

environment

Halomethanococcus doii Methanosarcinaceae No Yes No No Sediment

Methanobacterium aarhusense Methanobacteriaceae Yes No No No Sediment

Methanobacterium aggregans Methanobacteriaceae Yes No No No Digester

Methanobacterium alcaliphilum Methanobacteriaceae Yes No No No Sediment

Methanobacterium arcticum Methanobacteriaceae Yes No No No Permafrost

Methanobacterium beijingense Methanobacteriaceae Yes No No No Digestor

Methanobacterium bryantii Methanobacteriaceae Yes Yes No No Groundwater

Methanobacterium congolense Methanobacteriaceae Yes Yes No No Digestor

Methanobacterium espanolae Methanobacteriaceae Yes No No No Primary sludge

Methanobacterium ferruginis Methanobacteriaceae Yes Yes No No Gas pipe

Methanobacterium flexile Methanobacteriaceae Yes No No No Sediment

Methanobacterium formicicum Methanobacteriaceae Yes Yes No No Digestor

(sewage sludge)

Methanobacterium ivanovii Methanobacteriaceae Yes No No No Rock core
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanobacterium kanagiense Methanobacteriaceae Yes No No No Rice field

Methanobacterium lacus Methanobacteriaceae Yes Yes No No Sediment

Methanobacterium movens Methanobacteriaceae Yes No No No Sediment

Methanobacterium movilense Methanobacteriaceae Yes Yes No No Sediment

Methanobacterium oryzae Methanobacteriaceae Yes No No No Rice field

Methanobacterium paludis Methanobacteriaceae Yes No No No Wetland

Methanobacterium palustre Methanobacteriaceae Yes Yes No No Wetland

Methanobacterium petrolearium Methanobacteriaceae Yes No No No Oil tank

Methanobacterium subterraneum Methanobacteriaceae Yes No No No Groundwater

Methanobacterium thermaggregans Methanobacteriaceae Yes No No No Pasture mud

Methanobacterium uliginosum Methanobacteriaceae Yes No No No Wetland

Methanobacterium veterum Methanobacteriaceae Yes Yes No No Permafrost

Methanobrevibacter acididurans Methanobacteriaceae Yes No No No Digestor

Methanobrevibacter arboriphilucus Methanobacteriaceae Yes No No No Wetwood

Methanobrevibacter boviskoreani Methanobacteriaceae Yes No No No Rumen
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanobrevibacter curvatus Methanobacteriaceae Yes No No No Termite

Methanobrevibacter cuticularis Methanobacteriaceae Yes No No No Termite

Methanobrevibacter filiformis Methanobacteriaceae Yes No No No Termite

Methanobrevibacter gottschalkii Methanobacteriaceae Yes No No No Faeces

Methanobrevibacter millerae Methanobacteriaceae Yes No No No Rumen

Methanobrevibacter olleyae Methanobacteriaceae Yes No No No Rumen

Methanobrevibacter oralis Methanobacteriaceae Yes No No No Human mouth

Methanobrevibacter ruminantium Methanobacteriaceae Yes No No No Rumen

Methanobrevibacter smithii Methanobacteriaceae Yes No No No Digestor

Methanobrevibacter thaueri Methanobacteriaceae Yes No No No Faeces

Methanobrevibacter woesei Methanobacteriaceae Yes No No No Faeces

Methanobrevibacter wolinii Methanobacteriaceae Yes No No No Faeces

Methanocalculus alkaliphilus Methanocalculaceae Yes No No No Sediment

Methanocalculus chunghsingensis Methanocalculaceae Yes No No No Estuary

Methanocalculus halotolerans Methanocalculaceae Yes No No No Oilfield
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanocalculus natronophilus Methanocalculaceae Yes No No No Sediment

Methanocalculus pumilus Methanocalculaceae Yes No No No Waste water

Methanocalculus taiwanensis Methanocalculaceae Yes No No No Estuary

Methanocaldococcus bathoardescens Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus fervens Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus indicus Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus infernus Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus jannaschii Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus villosus Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocaldococcus vulcanius Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanocella arvoryzae Methanocellaceae Yes No No No Rice field

Methanocella conradii Methanocellaceae Yes No No No Rice field

Methanocella paludicola Methanocellaceae Yes No No No Rice field

Methanococcoides alaskense Methanosarcinaceae No Yes No No Sediment

Methanococcoides burtonii Methanosarcinaceae No Yes No No Lake Water
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanococcoides methylutens Methanosarcinaceae No Yes No No Sediment

Methanococcoides vulcani Methanosarcinaceae No Yes No No Sediment

Methanococcus aeolicus Methanococcaceae Yes No No No Sediment

Methanococcus maripaludis Methanococcaceae Yes No No No Sediment

Methanococcus vannielii Methanococcaceae Yes No No No Black mud

Methanococcus voltae Methanococcaceae Yes No No No Sediment

Methanocorpusculum aggregans Methanocorpusculaceae Yes No No No Digestor

(sewage sludge)

Methanocorpusculum bavaricum Methanocorpusculaceae Yes Yes No No Sediment

Methanocorpusculum labreanum Methanocorpusculaceae Yes No No No Tar pit

Methanocorpusculum sinense Methanocorpusculaceae Yes No No No Treatment plant

Methanoculleus bourgensis Methanomicrobiaceae Yes No No No Digestor

(sewage sludge)

Methanoculleus chikugoensis Methanomicrobiaceae Yes Yes No No Rice field

Methanoculleus horonobensis Methanomicrobiaceae Yes No No No Groundwater
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanoculleus hydrogenitrophicus Methanomicrobiaceae Yes No No No Wetland

Methanoculleus marisnigri Methanomicrobiaceae Yes No No No Sediment

Methanoculleus palmolei Methanomicrobiaceae Yes Yes No No Digestor

Methanoculleus receptaculi Methanomicrobiaceae Yes No No No Oil field

Methanoculleus sediminis Methanomicrobiaceae Yes Yes No No Sediment

Methanoculleus submarinus Methanomicrobiaceae Yes No No No Rock core

Methanoculleus taiwanensis Methanomicrobiaceae Yes No No No Sediment

Methanoculleus thermophilus Methanomicrobiaceae Yes No No No Sediment

Methanofervidicoccus abyssi Methanococcaceae Yes No No No Hydrothermal vent

Methanofollis aquaemaris Methanomicrobiaceae Yes No No No Water (pond)

Methanofollis ethanolicus Methanomicrobiaceae Yes Yes No No Lotus field

Methanofollis formosanus Methanomicrobiaceae Yes No No No Water (pond)

Methanofollis liminatans Methanomicrobiaceae Yes Yes No No Waste water

Methanofollis tationis Methanomicrobiaceae Yes No No No Desert oasis mud

Methanogenium boonei Methanomicrobiaceae Yes No No No Sediment
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanogenium cariaci Methanomicrobiaceae Yes No No No Sediment

Methanogenium frigidum Methanomicrobiaceae Yes No No No Sediment

Methanogenium marinum Methanomicrobiaceae Yes No No No Sediment

Methanogenium organophilum Methanomicrobiaceae Yes Yes No No Sediment

Methanohalobium evestigatum Methanosarcinaceae No Yes No No Sediment

Methanohalophilus euhalobius Methanosarcinaceae No Yes No No Water (Oil)

Methanohalophilus halophilus Methanosarcinaceae No Yes No No Cyanobacterial mat

Methanohalophilus levihalophilus Methanosarcinaceae No Yes No No Water (gas)

Methanohalophilus mahii Methanosarcinaceae No Yes No No Sediment

Methanohalophilus portucalensis Methanosarcinaceae No Yes No No Sediment

Methanolacinia paynteri Methanomicrobiaceae Yes No No No Sediment

Methanolacinia petrolearia Methanomicrobiaceae Yes Yes No No Oil field

Methanolinea mesophila Methanoregulaceae Yes No No No Rice field

Methanolinea tarda Methanoregulaceae Yes No No No Digestor

(sewage sludge)

299



Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanolobus bombayensis Methanosarcinaceae No Yes No No Sediment

Methanolobus chelungpuianus Methanosarcinaceae No Yes No No Sediment

Methanolobus oregonensis Methanosarcinaceae No Yes No No Sediment

Methanolobus profundi Methanosarcinaceae No Yes No No Sediment

Methanolobus psychrophilus Methanosarcinaceae No Yes No No Wetland

Methanolobus psychrotolerans Methanosarcinaceae No Yes No No Sediment

Methanolobus taylorii Methanosarcinaceae No Yes No No Estuary

Methanolobus tindarius Methanosarcinaceae No Yes No No Sediment

Methanolobus vulcani Methanosarcinaceae No Yes No No Sediment

Methanolobus zinderi Methanosarcinaceae No Yes No No Water (coal)

Methanomassiliicoccus luminyensis Methanomassiliicoccaceae No No No Yes Faeces

Methanomethylovorans hollandica Methanosarcinaceae No Yes No No Sediment

Methanomethylovorans thermophila Methanosarcinaceae No Yes No No Digestor

Methanomethylovorans uponensis Methanosarcinaceae No Yes No No Sediment

Methanomicrobium antiquum Methanomicrobiaceae Yes No No No Sediment
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanomicrobium mobile Methanomicrobiaceae Yes No No No Rumen

Methanomicrococcus blatticola Methanosarcinaceae No No No Yes Cockroach

Methanonatronarchaeum thermophilum Methanonatronarchaeaceae No No No Yes Sediment

Methanoplanus endosymbiosus Methanomicrobiaceae Yes No No No Protozoa

Methanoplanus limicola Methanomicrobiaceae Yes No No No Water (swamp)

Methanopyrus kandleri Methanopyraceae Yes No No No Sediment

Methanoregula boonei Methanoregulaceae Yes No No No Wetland

Methanoregula formicica Methanoregulaceae Yes No No No Digestor

Methanosaeta pelagica Methanosaetaceae No No Yes No Sediment

Methanosalsum natronophilum Methanosarcinaceae No Yes No No Sediment

Methanosalsum zhilinae Methanosarcinaceae No Yes No No Sediment

Methanosarcina acetivorans Methanosarcinaceae No Yes Yes No Sediment

Methanosarcina baltica Methanosarcinaceae No Yes No No Sediment

Methanosarcina barkeri Methanosarcinaceae Yes Yes Yes No Digestor

(sewage sludge)
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanosarcina flavescens Methanosarcinaceae Yes Yes Yes No Digestor

Methanosarcina horonobensis Methanosarcinaceae No Yes Yes No Groundwater

Methanosarcina lacustris Methanosarcinaceae Yes Yes No No Sediment

Methanosarcina mazei Methanosarcinaceae Yes Yes Yes No Sewage sludge

Methanosarcina semesiae Methanosarcinaceae No Yes No No Sediment

Methanosarcina siciliae Methanosarcinaceae No Yes No No Water (oil)

Methanosarcina soligelidi Methanosarcinaceae Yes Yes Yes No Permafrost

Methanosarcina spelaei Methanosarcinaceae Yes Yes Yes No Floating biofilm

Methanosarcina subterranea Methanosarcinaceae No Yes No No Shale

Methanosarcina thermophila Methanosarcinaceae Yes Yes Yes No Digestor (sewage sludge)

Methanosarcina vacuolata Methanosarcinaceae Yes Yes Yes No Digestor

Methanosphaera cuniculi Methanobacteriaceae No No No Yes Rabbits

Methanosphaera stadtmanae Methanobacteriaceae No No No Yes Faeces

Methanosphaerula palustris Methanoregulaceae Yes No No No Wetland

Methanospirillum hungatei Methanospirillaceae Yes No No No Sewage sludge
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanospirillum lacunae Methanospirillaceae Yes No No No Water (puddle)

Methanospirillum psychrodurum Methanospirillaceae Yes No No No Wetland

Methanospirillum stamsii Methanospirillaceae Yes No No No Digestor

Methanothermobacter crinale Methanobacteriaceae Yes No No No Water (Oil)

Methanothermobacter defluvii Methanobacteriaceae Yes No No No Digestor

(sewage sludge)

Methanothermobacter marburgensis Methanobacteriaceae Yes No No No Sewage sludge

Methanothermobacter tenebrarum Methanobacteriaceae Yes No No No Water (Oil)

Methanothermobacter thermautotrophicus Methanobacteriaceae Yes No No No Digestor (sewage sludge)

Methanothermobacter thermoflexus Methanobacteriaceae Yes No No No Sewage sludge

Methanothermobacter thermophilus Methanobacteriaceae Yes No No No Methane tank

Methanothermobacter wolfeii Methanobacteriaceae Yes No No No Sewage sludge and sediment

Methanothermococcus okinawensis Methanococcaceae Yes No No No Hydrothermal vent

Methanothermococcus thermolithotrophicus Methanococcaceae Yes No No No Sediment

Methanothermus fervidus Methanothermaceae Yes No No No Volcanic spring
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Table A.1 continued . . .

Genus Strain Family HT MT AC MR Sample

environment

Methanothermus sociabilis Methanothermaceae Yes No No No Volcano field

Methanothrix harundinacea Methanosaetaceae No No Yes No Digestor

Methanothrix soehngenii Methanosaetaceae No No Yes No Digestor

Methanothrix thermophila Methanosaetaceae No No Yes No Digestor

Methanotorris formicicus Methanocaldococcaceae Yes No No No Hydrothermal vent

Methanotorris igneus Methanocaldococcaceae Yes No No No Hydrothermal vent

Methermicoccus shengliensis Methermicoccaceae No Yes No No Water (oil)

HT, Hydrogenotrophic; MT, Methylotrophic; AC, Acetoclastic; MR, Hydrogen-dependent methylotroph
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Table A.2: Methanotroph taxonomic data, guanine-cytosine content and optimal temperature

Genus Strain Family GC content Topt

(%) (◦C)

Methylocapsa acidiphila Beijerinckiaceae 63.1 22

Methylocapsa aurea Beijerinckiaceae 61.4 27.5

Methylocapsa palsarum Beijerinckiaceae 61.7 22.5

Methylocella palustris Beijerinckiaceae 61.2 20

Methylocella silvestris Beijerinckiaceae 60 20

Methylocella tundrae Beijerinckiaceae 63.3 15

Methyloferula stellata Beijerinckiaceae 56.5 21.5

Crenothrix polyspora Crenotrichaceae NA NA

Methylicorpusculum oleiharenae Methylococcaceae 46.7 25

Methylobacter luteus Methylococcaceae 50 30

Methylobacter marinus Methylococcaceae 54.5 37

Methylobacter oryzae Methylococcaceae 49.3 22.5

Methylobacter psychrophilus Methylococcaceae 45.6 7

Methylobacter tundripaludum Methylococcaceae 47 23
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Table A.2 continued . . .

Genus Strain Family GC content Topt

(%) (◦C)

Methylobacter whittenburyi Methylococcaceae 52 30

Methylocaldum gracile Methylococcaceae 59 42

Methylocaldum marinum Methylococcaceae 59.7 36

Methylocaldum szegediense Methylococcaceae 56.5 55

Methylocaldum tepidum Methylococcaceae 57.2 42

Methylococcus capsulatus Methylococcaceae 63.5 37

Methylococcus mobilis Methylococcaceae 56.3 30

Methylococcus thermophilus Methylococcaceae 60 NA

Methylocucumis oryzae Methylococcaceae 43.9 25

Methylogaea oryzae Methylococcaceae 63.1 32.5

Methyloglobulus morosus Methylococcaceae 47.7 20

Methylohalobius crimeensis Methylococcaceae 58.7 30

Methylolobus aquaticus Methylococcaceae 63 30

Methylomagnum ishizawai Methylococcaceae 64.1 32

Methylomarinum vadi Methylococcaceae 51 37
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Table A.2 continued . . .

Genus Strain Family GC content Topt

(%) (◦C)

Methylomicrobium agile Methylococcaceae 59 30

Methylomicrobium album Methylococcaceae 55 30

Methylomicrobium buryatense Methylococcaceae 48.7 29

Methylomicrobium japanense Methylococcaceae 49.9 25

Methylomicrobium lacus Methylococcaceae 54.7 29

Methylomicrobium pelagicum Methylococcaceae 49 37

Methylomonas aurantiaca Methylococcaceae 56.5 35

Methylomonas denitrificans Methylococcaceae 51.6 28

Methylomonas fodinarum Methylococcaceae 58.4 25

Methylomonas koyamae Methylococcaceae 57.1 30

Methylomonas lenta Methylococcaceae 47 20

Methylomonas methanica Methylococcaceae 52.1 30

Methylomonas paludis Methylococcaceae 48.5 22.5

methylomonas pelagica Methylococcaceae 49 25

Methylomonas scandinavica Methylococcaceae 53.8 17
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Table A.2 continued . . .

Genus Strain Family GC content Topt

(%) (◦C)

Methyloparacoccus murrellii Methylococcaceae 65.5 28

Methyloprofundus sedimenti Methylococcaceae 40.5 20

Methylosarcina fibrata Methylococcaceae 54.1 27

methylosarcina quisquiliarum Methylococcaceae 54.3 27

Methylosoma difficile Methylococcaceae 49.9 25

Methylosphaera hansonii Methylococcaceae 44.5 11.5

Methyloterricola oryzae Methylococcaceae 61 32

Methylovulum miyakonense Methylococcaceae 49 28

Methylovulum psychotolerans Methylococcaceae 51.6 22.5

Methylocystis bryophila Methylocystaceae 62 27.5

Methylocystis echinoides Methylocystaceae 62 30

Methylocystis heyeri Methylocystaceae 61.5 25

Methylocystis hirsuta Methylocystaceae NA 30

methylocystis parvus Methylocystaceae 65 30

Methylocystis rosea Methylocystaceae 62 27
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Table A.2 continued . . .

Genus Strain Family GC content Topt

(%) (◦C)

Methylosinus sporium Methylocystaceae 66 30

Methylosinus trichosporium Methylocystaceae 63 30

Methylothermus subterraneus Methylothermaceae NA 57.5

Methylomarinovum calcicuralii Methylothermaceae 66 47.5

Methylotuvimicrobium alcaliphilum unassigned 48.7 25

Methylotuvimicrobium Kenyense unassigned 50.2 NA309



Table A.3: Primary and, where appropriate, secondary reference for each methanogen type-strain

Strain Primary citation Secondary citation

(if applicable)

Halomethanococcus doii (Yu and Kawamura, 1987)

Methanobacterium aarhusense (Shlimon et al., 2004)

Methanobacterium aggregans (Kern et al., 2015)

Methanobacterium alcaliphilum (Worakit et al., 1986)

Methanobacterium arcticum (Shcherbakova et al., 2011)

Methanobacterium beijingense (Ma et al., 2005)

Methanobacterium bryantii (Balch et al., 1979)

Methanobacterium congolense (Cuzin et al., 2001)

Methanobacterium espanolae (Patel and Sprott, 1990)

Methanobacterium ferruginis (Mori and Harayama, 2011)

Methanobacterium flexile (Zhu et al., 2011)

Methanobacterium formicicum (Bryant and Boone, 1987b)

Methanobacterium ivanovii (Jain et al., 1987)

Methanobacterium kanagiense (Kitamura et al., 2011)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanobacterium lacus (Borrel et al., 2012)

Methanobacterium movens (Zhu et al., 2011)

Methanobacterium movilense (Schirmack et al., 2014b)

Methanobacterium oryzae (Joulian et al., 2000)

Methanobacterium paludis (Cadillo-Quiroz et al., 2014)

Methanobacterium palustre (Zellner et al., 1989a)

Methanobacterium petrolearium (Mori and Harayama, 2011)

Methanobacterium subterraneum (Kotelnikova et al., 1998)

Methanobacterium thermoaggregans (Blotevogel and Fischer, 1985)

Methanobacterium uliginosum (König, 1984)

Methanobacterium veterum (Krivushin et al., 2010)

Methanobrevibacter acididurans (Savant, 2002)

Methanobrevibacter arboriphilucus (Asakawa et al., 1993)

Methanobrevibacter boviskoreani (Lee et al., 2013)

Methanobrevibacter curvatus (Leadbetter and Breznak, 1996)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanobrevibacter cuticularis (Leadbetter and Breznak, 1996)

Methanobrevibacter filiformis (Leadbetter et al., 1998)

Methanobrevibacter gottschalkii (Miller, 2002)

Methanobrevibacter millerae (Rea et al., 2007)

Methanobrevibacter olleyae (Rea et al., 2007)

Methanobrevibacter oralis (Ferrari et al., 1994)

Methanobrevibacter ruminantium (Smith and Hungate, 1958)

Methanobrevibacter smithii (Miller et al., 1982)

Methanobrevibacter thaueri (Miller, 2002)

Methanobrevibacter woesei (Miller, 2002)

Methanobrevibacter wolinii (Miller, 2002)

Methanocalculus alkaliphilus (Sorokin et al., 2015)

Methanocalculus chunghsingensis (Lai et al., 2004)

Methanocalculus halotolerans (Ollivier et al., 1998)

Methanocalculus natronophilus (Zhilina et al., 2013)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanocalculus pumilus (Mori et al., 2000)

Methanocalculus taiwanensis (Lai, 2002)

Methanocaldococcus bathoardescens (Stewart et al., 2015)

Methanocaldococcus fervens (Whitman, 2001a)

Methanocaldococcus indicus (L’Haridon et al., 2003)

Methanocaldococcus infernus (Whitman, 2001a) (Jeanthon et al., 1998)

Methanocaldococcus jannaschii (Whitman, 2001a) (Jones et al., 1983a)

Methanocaldococcus villosus (Bellack et al., 2011)

Methanocaldococcus vulcanius (Whitman, 2001a) (Jeanthon et al., 1999)

Methanocella arvoryzae (Sakai et al., 2010)

Methanocella conradii (Lü and Lu, 2012)

Methanocella paludicola (Sakai et al., 2008)

Methanococcoides alaskense (Singh et al., 2005)

Methanococcoides burtonii (Franzmann et al., 1992)

Methanococcoides methylutens (Sowers and Ferry, 1983)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanococcoides vulcani (L’Haridon et al., 2014)

Methanococcus aeolicus (Kendall et al., 2006)

Methanococcus maripaludis (Jones et al., 1983b)

Methanococcus vannielii (Stadtman and Barker, 1951)

Methanococcus voltae (Ward et al., 1989)

Methanocorpusculum aggregans (Ollivier et al., 1985) (Zellner et al., 1987)

Methanocorpusculum bavaricum (Zellner et al., 1989c)

Methanocorpusculum labreanum (Zhao et al., 1989)

Methanocorpusculum sinense (Zellner et al., 1989c)

Methanoculleus bourgensis (Asakawa and Nagaoka, 2003) (Ollivier et al., 1986)

Methanoculleus chikugoensis (Dianou et al., 2001)

Methanoculleus horonobensis (Shimizu et al., 2013)

Methanoculleus hydrogenitrophicus (Tian et al., 2010)

Methanoculleus marisnigri (Romesser et al., 1979) (Maestrojuan et al., 1990)

Methanoculleus palmolei (Zellner et al., 1998)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanoculleus receptaculi (Cheng et al., 2008)

Methanoculleus sediminis (Chen et al., 2015)

Methanoculleus submarinus (Mikucki et al., 2003)

Methanoculleus taiwanensis (Weng et al., 2015)

Methanoculleus thermophilus (Spring et al., 2005)

Methanofervidicoccus abyssi (Sakai et al., 2019)

Methanofollis aquaemaris (Lai and Chen, 2001)

Methanofollis ethanolicus (Imachi et al., 2009)

Methanofollis formosanus (Wu et al., 2005)

Methanofollis liminatans (Zellner et al., 1999)

Methanofollis tationis (Zellner et al., 1999)

Methanogenium boonei (Kendall et al., 2007)

Methanogenium cariaci (Romesser et al., 1979)

Methanogenium frigidum (Franzmann et al., 1997)

Methanogenium marinum (Chong et al., 2002)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanogenium organophilum (Widdel et al., 1988)

Methanohalobium evestigatum (Zhilina and Zavarzin, 1987a)

Methanohalophilus euhalobius (Davidova et al., 1997)

Methanohalophilus halophilus (Wilharm et al., 1991)

Methanohalophilus levihalophilus (Katayama et al., 2014)

Methanohalophilus mahii (Paterek and Smith, 1988)

Methanohalophilus portucalensis (Boone et al., 1993)

Methanolacinia paynteri (Zellner et al., 1989b)

Methanolacinia petrolearia (Göker et al., 2014) (Ollivier et al., 2006)

Methanolinea mesophila (Sakai et al., 2012)

Methanolinea tarda (Imachi et al., 2008)

Methanolobus bombayensis (Kadam et al., 1994)

Methanolobus chelungpuianus (Wu and Lai, 2011)

Methanolobus oregonensis (Boone, 2001b)

Methanolobus profundi (Mochimaru et al., 2009)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanolobus psychrophilus (Zhang et al., 2008)

Methanolobus psychrotolerans (Chen et al., 2018)

Methanolobus taylorii (Oremland and Boone, 1994)

Methanolobus tindarius (König and Stetter, 1982)

Methanolobus vulcani (Kadam and Boone, 1995)

Methanolobus zinderi (Doerfert et al., 2009)

Methanomassiliicoccus luminyensis (Dridi et al., 2012)

Methanomethylovorans hollandica (Lomans et al., 1999)

Methanomethylovorans thermophila (Jiang et al., 2005)

Methanomethylovorans uponensis (Cha et al., 2013)

Methanomicrobium antiquum (Mochimaru et al., 2016)

Methanomicrobium mobile (Paynter and Hungate, 1968)

Methanomicrococcus blatticola (Sprenger et al., 2000)

Methanonatronarchaeum thermophilum (Sorokin et al., 2018)

Methanoplanus endosymbiosus (van Bruggen et al., 1986)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanoplanus limicola (Wildgruber et al., 1982)

Methanopyrus kandleri (Kurr et al., 1991)

Methanoregula boonei (Bräuer et al., 2011)

Methanoregula formicica (Yashiro et al., 2011)

Methanosaeta pelagica (Mori et al., 2012)

Methanosalsum natronophilum (Sorokin et al., 2015)

Methanosalsum zhilinae (Boone and Baker, 2001)

Methanosarcina acetivorans (Sowers et al., 1984)

Methanosarcina baltica (Von Klein et al., 2002) (Singh et al., 2005)

Methanosarcina barkeri (Maestrojuan and Boone, 1991) (Bryant and Boone, 1987a)

Methanosarcina flavescens (Kern et al., 2016)

Methanosarcina horonobensis (Shimizu et al., 2011)

Methanosarcina lacustris (Simankova et al., 2001)

Methanosarcina mazei (Mah and Kuhn, 1984) (Mah, 1980)

Methanosarcina semesiae (Lyimo et al., 2000)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanosarcina siciliae (Ni and Boone, 1991) (Ni et al., 1994)

Methanosarcina soligelidi (Wagner et al., 2013)

Methanosarcina spelaei (Ganzert et al., 2014)

Methanosarcina subterranea (Shimizu et al., 2015)

Methanosarcina thermophila (Zinder et al., 1985)

Methanosarcina vacuolata (Zhilina and Zavarzin, 1987b)

Methanosphaera cuniculi (Biavati et al., 1988)

Methanosphaera stadtmanae (Miller and Wolin, 1985)

Methanosphaerula palustris (Cadillo-Quiroz et al., 2009)

Methanospirillum hungatei (Ferry et al., 1974) (Iino et al., 2010)

Methanospirillum lacunae (Iino et al., 2010)

Methanospirillum psychrodurum (Zhou et al., 2014)

Methanospirillum stamsii (Parshina et al., 2014)

Methanothermobacter crinale (Cheng et al., 2011)

Methanothermobacter defluvii (Boone, 2001a) (Kotelnikova et al., 1993)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methanothermobacter marburgensis (Wasserfallen et al., 2000)

Methanothermobacter tenebrarum (Nakamura et al., 2013)

Methanothermobacter thermautotrophicus (Wasserfallen et al., 2000)

Methanothermobacter thermoflexus (Boone, 2001a) (Kotelnikova et al., 1993)

Methanothermobacter thermophilus (Boone, 2001a)

Methanothermobacter wolfeii (Wasserfallen et al., 2000)

Methanothermococcus okinawensis (Takai, 2002)

Methanothermococcus thermolithotrophicus (Whitman, 2001c)

Methanothermus fervidus (Stetter et al., 1981)

Methanothermus sociabilis (Lauerer et al., 1986)

Methanothrix harundinacea (Akinyemi et al., 2020) (Ma, 2006)

Methanothrix soehngenii (Touzel et al., 1988)

Methanothrix thermophila (Kamagata et al., 1992)

Methanotorris formicicus (Takai et al., 2004)

Methanotorris igneus (Whitman, 2001b)
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Table A.3 continued . . .

Strain Primary citation Secondary citation

(if applicable)

Methermicoccus shengliensis (Cheng et al., 2007)
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Table A.5: Details of the 6 variables obtained from methanotroph growth data used in this study

Variable name Variable type Range n Example
(No. of unique (All given values

categories) are for one strain)
Strain categorical (65) 65 Methanoculleus marisnigri
Family categorical (18) 165 Methanomicrobiaceae
GC content (%) continuous 40.5 - 66 61 61.2
Tmin (◦C) continuous 4 - 37 32 15
Topt (◦C) continuous 7 - 57.5 61 25
Tmax (◦C) continuous 21 - 62 32 48

Table A.4: Details of the 29 growth related parameters used in this study

Variable name Variable type Range n Example
(No. of unique (All given values

categories) are for one strain)
Strain categorical (165) 165 Methanoculleus marisnigri
Family categorical (18) 165 Methanomicrobiaceae
Growth rate (h−1) continuous 0.002 - 3.03 123 0.069
GC content (%) continuous 23 - 62.9 152 61.2
Tmin (◦C) continuous -2.3 - 84 148 15
Toptmin (◦C) continuous 15 - 98 165 20
Topt (◦C) continuous 15 - 98 165 25
Toptmax (◦C) continuous 15 -98 165 25
Tmax (◦C) continuous 17 - 110 152 48
NaClmin (M) continuous 0 - 3 137 0
NaCloptmin (M) continuous 0 - 4.1 139 0.1
NaClopt (M) continuous 0 - 4.1 140 0.115
NaCloptmax (M) continuous 0 - 4.1 139 0.115
NaClmax (M) continuous 0 - 4.1 139 0.69
pHmin continuous 4 - 8.2 143 6
pHoptmin continuous 5.1 - 9.5 164 6.2
pHopt continuous 5.1 - 9.6 165 6.5
pHoptmax continuous 5.1 - 9.7 164 6.6
pHmax continuous 5.5 - 10.2 143 7.6
H+ionmin (M) continuous 6.31×10−9 - 1×10−4 143 1×10−6

H+ionoptmin (M) continuous 3.16×10−10 - 7.94×10−6 164 6.31×10−7

H+ionopt (M) continuous 2.51×10−10 - 7.94×10−6 166 3.16×10−7

H+ionoptmax (M) continuous 2×10−10 - 7.94×10−6 164 2.51×10−7

H+ionmax (M) continuous 6.31×10−11 - 3.16×10−6 143 2.51×10−8

HT binary Yes/No 165 Yes
MT binary Yes/No 165 No
AC binary Yes/No 165 No
MR binary Yes/No 165 No
Sample environment categorical(46) 166 Sediment
HT, Hydrogenotrophic; MT, Methylotrophic; AC, Acetoclastic; MR, Hydrogen-dependent methylotroph
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A.3 Appended results: Chapter 4

A.3.1 Stainless steel inhibition experiments

Figure A.2: Barplot showing the average area under the peak for four groups of data on two
different days. Day 0 is the day the experiment was setup and day 8 was 8 days after setup.
Samples containing methanogens, but did not contain stainless steel (nss) produced more methane
compared to those containing methanogens and stainless steel (ss) over eight days. Controls were
run that did not contain methanogens (nss c, ss c) and did not produce methane. n = 3 for all
bars except for ss c for which n = 2. Error bars are ± 1 standard deviation.

A.4 Appended methods: Chapter 5

The appended content for Chapter 5 is presented separately from the main body

of text as the information within the main body of text can be interpreted without

the requirement of the information here. However, the information is given here to

ensure that further interpretation can be undertaken, if desired.

To investigate whether there was a difference in the spread of data between the

two sampling days that samples were injected into the GC, data for each day were

plotted and shows that there is not obvious difference in the spread of data(Figure

A.3). This indicates that the GC did not malfunction on one day compared to the

other, and that there was not a difference in the outcome based on the technician
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that performed injections on days 1 (B. Stephens) compared to day 2 (N. Panchal).

Figure A.3: Technical replicate GC injections per analysis day. Day one data was collected by
technician B. Stephens. Day two data was collected on the following day to day one, by technician
N. Panchal. Data shows that there is not discernable pattern between data collected on each day.

In order to demonstrate that there is a statistically supported difference between two

distributions of data for each set of biological replicates of experiments performed in

5, a randomised set of data were produced using the mean and standard deviation

of each set of biological replicates. Figure A.4 demonstrates for the positive control

biological replicates (top panel) and the biological replicates containing experiment

conditions (bottom panel) that it is statistically unlikely that a data point from one

distribution would overlap into the set of data for the other distribution. This was

used to justify the removal of actual data that fell within the lower distribution for

each set of biological replicates.
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Figure A.4: Histograms of random data distributions generated using the mean of positive control
and benzothiophene experiment means for “Genuine positive” data and “False-negative” data.
Data for column 1 and for column 2 form two separate distributions. The mean and SD of
“correct” and “erroneous” data were given as the parameters and 1000 random data points were
generated. Data generated using the mean and SD from column 3, 4 and 5 also suggest a slight
overlap. However, where overlap occurs there is an extremely small chance of a genuine data point
existing in that region for either distribution.
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Lorand, J.-P., Göpel, C., Fieni, C., Pont, S., and Deldicque, D. (2013). Ori-

gin and age of the earliest martian crust from meteorite NWA 7533. Nature,

503(7477):513–516.

Hurowitz, J. A., Grotzinger, J. P., Fischer, W. W., McLennan, S. M., Milliken,

R. E., Stein, N., Vasavada, A. R., Blake, D. F., Dehouck, E., Eigenbrode, J. L.,

Fairén, A. G., Frydenvang, J., Gellert, R., Grant, J. A., Gupta, S., Herkenhoff,

K. E., Ming, D. W., Rampe, E. B., Schmidt, M. E., Siebach, K. L., Stack-Morgan,

K., Sumner, D. Y., and Wiens, R. C. (2017). Redox stratification of an ancient

lake in Gale crater, Mars. Science, 356(6341):eaah6849.

Hurst, L. D. and Merchant, A. R. (2001). High guanine–cytosine content is not

an adaptation to high temperature: a comparative analysis amongst prokary-

otes. Proceedings of the Royal Society of London. Series B: Biological Sciences,

268(1466):493–497.

Iino, T., Mori, K., and ichiro Suzuki, K. (2010). Methanospirillum lacunae sp. nov.,

a methane-producing archaeon isolated from a puddly soil, and emended descrip-

tions of the genus Methanospirillum and Methanospirillum hungatei. International

Journal of Systematic and Evolutionary Microbiology, 60(11):2563–2566.

348



Iino, T., Tamaki, H., Tamazawa, S., Ueno, Y., Ohkuma, M., Suzuki, K.-i., Igarashi,

Y., and Haruta, S. (2013). Candidatus Methanogranum caenicola: a Novel

Methanogen from the Anaerobic Digested Sludge, and Proposal of Methanomas-

siliicoccaceae fam. nov. and Methanomassiliicoccales ord. nov., for a Methanogenic

Lineage of the Class Thermoplasmata. Microbes and Environments, 28(2):244–

250.

Imachi, H., Sakai, S., Nagai, H., Yamaguchi, T., and Takai, K. (2009). Methanofollis

ethanolicus sp. nov., an ethanol-utilizing methanogen isolated from a lotus field.

International Journal of Systematic and Evolutionary Microbiology, 59(4):800–

805.

Imachi, H., Sakai, S., Sekiguchi, Y., Hanada, S., Kamagata, Y., Ohashi, A., and

Harada, H. (2008). Methanolinea tarda gen. nov., sp. nov., a methane-producing

archaeon isolated from a methanogenic digester sludge. International Journal of

Systematic and Evolutionary Microbiology, 58(1):294–301.
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Serrano, P., Wagner, D., Böttger, U., De Vera, J. P., Lasch, P., and Hermelink, A.

(2014). Single-cell analysis of the methanogenic archaeon Methanosarcina solige-

lidi from Siberian permafrost by means of confocal Raman microspectrocopy for

astrobiological research. Planetary and Space Science, 98(2014):191–197.

Sharp, C. E., Brady, A. L., Sharp, G. H., Grasby, S. E., Stott, M. B., and Dunfield,

P. F. (2014). Humboldt’s spa: microbial diversity is controlled by temperature in

geothermal environments. The ISME Journal, 8(6):1166–1174.

Shcherbakova, V., Oshurkova, V., and Yoshimura, Y. (2015). The effects of perchlo-

rates on the permafrost methanogens: Implication for autotrophic life on mars.

Microorganisms, 3(3):518–534.

Shcherbakova, V., Rivkina, E., Pecheritsyna, S., Laurinavichius, K., Suzina, N.,

and Gilichinsky, D. (2011). Methanobacterium arcticum sp. nov., a methanogenic

archaeon from Holocene Arctic permafrost. International Journal of Systematic

and Evolutionary Microbiology, 61(1):144–147.

Shen, J., Smith, A. C., Claire, M. W., and Zerkle, A. L. (2020). Unraveling bio-

geochemical phosphorus dynamics in hyperarid mars-analogue soils using stable

oxygen isotopes in phosphate. Geobiology, 18(6):760–779.

Shimizu, S., Ueno, A., Naganuma, T., and Kaneko, K. (2015). Methanosarcina

subterranea sp. nov., a methanogenic archaeon isolated from a deep subsurface

diatomaceous shale formation. International Journal of Systematic and Evolu-

tionary Microbiology, 65(Pt 4):1167–1171.

Shimizu, S., Ueno, A., Tamamura, S., Naganuma, T., and Kaneko, K. (2013).

Methanoculleus horonobensis sp. nov., a methanogenic archaeon isolated from

a deep diatomaceous shale formation. International Journal of Systematic and

Evolutionary Microbiology, 63(Pt 11):4320–4323.

386



Shimizu, S., Upadhye, R., Ishijima, Y., and Naganuma, T. (2011). Methanosarcina

horonobensis sp. nov., a methanogenic archaeon isolated from a deep subsurface

Miocene formation. International Journal of Systematic and Evolutionary Micro-

biology, 61(10):2503–2507.

Shimoyama, A. and Shigematsu, R. (1994). Dicarboxylic acids in the Murchison

and Yamato-791198 carbonaceous chondrites. Chemistry letters, 23(3):523–526.

Shlimon, A. G., Friedrich, M. W., Niemann, H., Ramsing, N. B., and Finster, K.

(2004). Methanobacterium aarhusense sp. nov., a novel methanogen isolated from

a marine sediment (Aarhus Bay, Denmark). International Journal of Systematic

and Evolutionary Microbiology, 54(3):759–763.

Siliakus, M. F., van der Oost, J., and Kengen, S. W. M. (2017). Adaptations of

archaeal and bacterial membranes to variations in temperature, pH and pressure.

Extremophiles, 21(4):651–670.

Simankova, M. V., Parshina, S. N., Tourova, T. P., Kolganova, T. V., Zehnder,

A. J., and Nozhevnikova, A. N. (2001). Methanosarcina lacustris sp. nov., a new

psychrotolerant methanogenic archaeon from anoxic lake sediments. Systematic

and Applied Microbiology, 24(3):362–367.

Singh, N., Kendall, M. M., Liu, Y., and Boone, D. R. (2005). Isolation and charac-

terization of methylotrophic methanogens from anoxic marine sediments in Skan

Bay, Alaska: Description of Methanococcoides alaskense sp. nov., and emended

description of Methanosarcina baltica. International Journal of Systematic and

Evolutionary Microbiology, 55(6):2531–2538.

Sinha, N. (2016). Effects of Mars Regolith Analogs, UVC radiation, Temperature,

Pressure, and pH on the Growth and Survivability of Methanogenic Archaea and

Stable Carbon Isotope Fractionation: Implications for Surface and Subsurface Life

on Mars. PhD thesis, University of Arkansas.

Sinha, N. and Kral, T. A. (2015). Stable carbon isotope fractionation by

methanogens growing on different mars regolith analogs. Planetary and Space

Science, 112:35–41.

387



Sinha, N., Nepal, S., Kral, T., and Kumar, P. (2017). Survivability and growth

kinetics of methanogenic archaea at various pHs and pressures: Implications for

deep subsurface life on mars. Planetary and Space Science, 136:15–24.

Slade (2011am). bac spore resistance earth to mars transport.pdf.

Slesarev, A. I., Mezhevaya, K. V., Makarova, K. S., Polushin, N. N., Shcherbinina,

O. V., Shakhova, V. V., Belova, G. I., Aravind, L., Natale, D. A., Rogozin, I. B.,

Tatusov, R. L., Wolf, Y. I., Stetter, K. O., Malykh, A. G., Koonin, E. V., and

Kozyavkin, S. A. (2002). The complete genome of hyperthermophile Methanopy-

rus kandleri AV19 and monophyly of archaeal methanogens. Proceedings of the

National Academy of Sciences, 99(7):4644–4649.
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