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ABSTRACT

The search for life has expanded to include the icy moons of Jupiter (Europa, Ganymede, and
Callisto) and Saturn’s moons Titan and Enceladus. These moons feature surfaces encrusted in
ice ranging from several to hundreds of kilometres thick, beneath which substantial subsurface
oceans of liquid water are thought to exist. Liquid water is a prerequisite for life, and thus
the habitability prospects of these oceans is speculated. Preservation of this liquid water
is thought possible by freezing point depressants, such as ammonia. Indeed, the Cassini-
Huygens mission revealed not only active cryovolcanism on Enceladus but also the presence
of ammonia. On Earth, ammonia facilitates biotic chemistry at low concentrations and is a
common pollutant from agricultural and industrial processes. As a proton acceptor, elevated
concentrations of ammonia are known to disrupt biological chemistries. The presence of
ammonia in extraterrestrial oceans, as well as terrestrial ecosystems, could therefore constrain
the habitability prospects of these environments. In this thesis, I explore whether the presence
of ammonia could impact the potential for habitability in icy moon oceans, with additional
implications for the habitability of Earth environments. I use growth dynamics and cellular
viability assays to establish the growth response and cultivation limits of the extremophile
Halomonas meridiana Slthf1 in concentrations of aqueous ammonia relevant to the oceans of
Enceladus, Titan, and Europa. Through these approaches, I also examine the growth impacts
of indirect ammonia exposure occurring by volatilized ammonia gas. The morphological
and physiological changes exerted by ammonia on H. meridiana are additionally examined
by transmission electron microscopy and metabolomics. Through this research I show that
aqueous ammonia exposure, either as dissolved ammonia gas (NHj3) or as a salt (NH4),SOy),
can extend lag phase duration and doubling time, slow growth rate, diminish cell density
and reduce cell viability, even in cultures indirectly exposed to NH; by volatilization. 1
elucidate that exposure to ammonia can disfigure cell morphology and elevate the occurrence
of cell lysis events. I present evidence that ammonia toxicity is distinct from external pH
toxicity and could be encouraged by internal and potentially destructive NH3-driven reactions.
Toxicity of ammonia may also be driven by modulation to essential nitrogen, carbon, and
energy metabolism. Possible survival strategies, such as cell wall remodelling, were indicated
by metabolomics. The results demonstrate that at specified molar thresholds, ammonia can
impose constraints on growth, viability, and the metabolism of H. meridiana. This data cannot
suggest whether icy moons oceans are or have been inhabited but can provide a foundation for
which to assess the potential for habitability. The molar concentrations at which the outlined
effects occur exceed the putative ammonia concentrations in the oceans of Enceladus and
Europa. Based on this evidence, it is plausible dissolved or volatilized ammonia in these
environments may not pose as a limiting factor for habitability. For Titan, the ammonia
content of the interior ocean ranges to as high as 15%. High accumulations of ammonia from
agricultural and industrial sources are also possible on Earth. In the case of these higher
concentration thresholds, the results of this research indicate ammonia could constrain the
habitability potential of both Titan’s ocean and certain Earth environments. These findings
advance the current understanding of bacterial life in ammonia and demonstrate the importance
of ammonia concentration when assessing conditions that could support life in extraterrestrial
and terrestrial environments.



LAY SUMMARY

We know that, on Earth, all life requires liquid water. Liquid water is an excellent solvent; that
is, it has a strong ability to dissolve a range of substances (e.g., salts, sugars, gases). In liquid
water, these substances can chemically interact with each other as well as with water itself.
Chemical reactions of increasing complexity in liquid water are the basis of how life formed
on Earth. The presence of liquid water on extraterrestrial planets is therefore of great interest
when conducting missions in the search for life. Moons in our solar system are surprising
reservoirs of liquid water. While Earth has a single moon, Jupiter has almost 100 moons, and
Saturn has over 250 moons, and some of these moons contain liquid water. Jupiter and Saturn
are much further from the Sun, and thus these planets, along with their moons, have surface
temperatures below -100 °C. As a result, the moons of these planets have icy surfaces, and are
dubbed ‘icy moons’.

In 1997, NASA’s Cassini-Huygens mission was launched, equipped to study Saturn and its
system. While flying by Saturn’s moon Enceladus in 2005, proof of what was long thought
was finally found: liquid water ejected from the Southern pole. Along with this, gravity
measurements and surface features of both Enceladus and the largest of Saturn’s moons, Titan,
hinted strongly at global liquid water oceans beneath the surface ices. Such reservoirs of liquid
water are also expected, and strongly indicated, in Jupiter’s moons Europa, Ganymede and
Callisto. Thus, these icy moons are prominent targets in the search for life.

Given the freezing point of water is 0 °C, the presence of liquid water with surface temperatures
below -100 °C appears paradoxical. However, liquid water could be sustained if the freezing
temperature of water is lowered. This can occur with the addition of salt or ammonia. Indeed,
ammonia was detected within the liquid water ejected from Enceladus. Ammonia is also
believed to be a constituent of the subsurface oceans of Titan, Europa, Ganymede and Callisto.
In small amounts, ammonia is a nitrogen source for living organisms. However, in larger
amounts, ammonia is toxic. Ammonia increases the pH (i.e., portion of OH™ ions) of solutions
and, as a gas, can readily permeate into biological matter. Both of these actions disrupt internal
chemical reactions, the ones needed to sustain life. The presence of ammonia within the
oceans of icy moons may therefore reduce the suitability of these environments to host life as
we know it. The impact of ammonia on life is also relevant to Earth; in terrestrial environments,
ammonia is a common pollutant due to use in agricultural fertilizer and industrial processes.

The impact of ammonia on life, particularly bacterial, is not well defined. This thesis therefore
seeks to explore how ammonia may impact the natural habitability of icy moons and also how,
on Earth, habitability could be impacted by ammonia pollution. I explore this hypothesis with
the most simple of lifeforms, a bacteria, Halomonas meridiana. Due to its deep-sea origins, H.
meridiana has shown an ability to survive in extreme cold, saline, and high pH waters that
are under pressure. H. meridiana therefore serves as an excellent model for assessing the
habitability of icy moon oceans, as these environments share similar properties. In this thesis,
H. meridiana is directly grown in varying concentrations of ammonia-water and at varying
distances from an ammonia-water source. Through this, I define the concentration and spatial
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limits at which growth and survival are affected by ammonia. I also explore how ammonia
exposure affects the internal chemistry and cell structure of H. meridiana. These research
avenues illuminate the habitability potential of ammonia-water mixtures, and environments in
proximity to ammonia-water mixtures.

Through this research, I show that the growth and survival of H. meridiana is affected at
defined concentrations of ammonia, whether H. meridiana is grown directly in ammonia-water
or at a distance from an ammonia-water source. Cell structure was altered from exposure to
ammonia as well as internal chemistry. The changes to cell structure indicated significant inter-
nal damage. Changes to internal chemistry also indicated the formation of large and potentially
disruptive compounds, and disturbance to chemistries that are essential to life, such as the
basic processing of nitrogen, carbon, and energy. However, internal chemistry also indicated
potential survival strategies that included restructuring of the outer shell of the cell, possibly to
counteract ammonia permeation. By comparing growth of H. meridiana in ammonia to growth
in high pH solutions without ammonia, toxicity of ammonia was found to be distinct from an
external rise in pH, further confirming internal disturbance by ammonia as the cause of toxicity.

The defined concentrations of ammonia identified as affecting growth and survival are above
those estimated in the oceans of icy moons Enceladus and Europa. This indicates the presence
of ammonia may not limit the potential for habitability in these oceans or water networks
in the overlying ice shell. However, the defined concentrations are generally below those
estimated for Titan, and could be above those found in polluted environments on Earth. Thus,
the concentrations of ammonia found in these environments may preclude the growth and
survival of life similar to H. meridiana, and may alter the internal and external features as
described. Taken together, these results confirm ammonia-water mixtures can alter habitability
potential in a concentration-dependent manner, and must be considered on a case-by-case
basis when assessing the habitability of extraterrestrial and Earth environments.
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Introduction

Since the turn of the century, the search for habitable environments beyond Earth has expanded
to include the icy moons of Jupiter and Saturn. Lying beyond the habitable zone, the extreme
distances of these moons from solar radiation has driven the formation of substantial ice sur-
faces. Observations by Voyager 1 and 2 in the 1980’s provided tentative indications of active
cryovolcanism on Jupiter’s moon Europa and Saturn’s moon Enceladus (Smith et al., 1979,
1982). In 1998, data from the Galileo spacecraft provided strong evidence for a subsurface
liquid, saline ocean beneath the ice crust of Europa, providing compelling evidence for liquid
water and, therefore, potentially habitable conditions beyond the traditional habitable zone
(Khurana et al., 1998, Rathbun et al., 1998, Carr et al., 1998, Pappalardo et al., 1998). However,
it was not until the Cassini-Huygens mission arrived at Saturn in 2004 that our understanding
of icy moons was redefined. Once thought geologically inert, Cassini revealed plumes of
liquid water expelled from the Southern pole of Enceladus and provided substantial evidence
for a global subsurface ocean beneath the ice crust of both Enceladus and Titan (Porco et al.,
2006, Lorenz et al., 2008, Waite et al., 2009, Bills and Nimmo, 2011). Since these landmark
discoveries, icy moons have been labelled “ocean worlds™ and are prime candidates in the
search for life.

Without solar heat, the preservation of a liquid layer in these moons has been hypothesised
from tidal heating or the presence of freezing point depressants such as salt or ammonia.
Ammonia-water mixtures can lower the freezing point of water to as low as -100 °C (John-
son and Nicol, 1987, Croft et al., 1988, Leliwa-Kopystynski et al., 2002, Chua et al., 2023).
Indeed, Cassini detected ammonia in the plumes of Enceladus. Methane and “’Ar in the
atmosphere of Titan are also consistent with models of an ammonia-water ocean (Waite et al.,
2009). On Earth, ammonia has been implicated in facilitating prebiotic chemistry (Wigley and
Brimblecombe, 1981, Martin et al., 2008, Sojo et al., 2016, Nishizawa et al., 2021), and in
modern systems plays an integral role in the global nitrogen cycle and the synthesis of nucleic
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acids and amino acids (Fowler et al., 2013). Ammonia is also a constituent of agricultural
fertilizers (Tyagi et al., 2022), and a common pollutant in the environment due to discharge
from agricultural lands as well as industrial processes (Matthews et al., 2000, Guthrie et al.,
2016, Powlson and Dawson, 2022).

High concentrations of ammonia have been shown toxic across the domains of life (Eno et al.,
1955, Thurston et al., 1981, Leejeerajumnean et al., 2000, Hachiya et al., 2021). Ammonia
can exist in two molecular forms: a weak base, unionized ammonia (NH3), and a weak acid,
ionized ammonium ion (NH4*), with the position of equilibrium between the two species dic-
tated primarily by pH. While NH,* can disrupt ionic balance, the permeation of this species is
regulated by membrane transporters (Moser, 1987, Wacker et al., 2014). NHj; is a proton (H*)
acceptor, and has properties (e.g., small size, uncharged) which facilitate passive permeation
through biological membranes. As a result, NHj readily reacts with H* to raise both extracel-
lular and intracellular pH, disrupt the proton motive force and form NH,* intracellularly (Rose
et al., 2005, Bosoi and Rose, 2009, Angelova et al., 2022). High concentrations of intracellular
NH,* can disrupt membrane potential, ionic balance and metabolism (Wang et al., 2018, Shi
et al., 2020, Xiao et al., 2019). NH; therefore has the potential to significantly disrupt the
physicochemical environment and biochemistry within living organisms and may limit the
habitability potential of icy moon oceans, as well as polluted Earth environments, if present at
sufficient concentrations.

The current physicochemical models of Enceladus and Titan estimate high pH oceans (> pH
10) whereby ammonia would be expected in the NH; form (Brassé et al., 2017, Leitner and
Lunine, 2019, Glein and Truong, 2025). NH,* would be expected to predominate in the more
acidic ocean of Europa (< pH 8.4) (Johnson et al., 2019). In considerations of potential life on
icy moons, simple cellular organisms, such as prokaryotes, are frequently regarded as plausible
candidates. Ammonia toxicity has been established for a select few prokaryotes. But, there has
been limited research indicating thresholds for survival and physiological changes in ammonia,
particularly in solutions of high NH;. There has been no research utilising extremophilic
prokaryotes that have physiologies analogous to the physical and chemical conditions on
icy moons. These research avenues could provide indications as to whether the presence of
ammonia in the oceans of icy moons could constrain the potential for habitability.

1.1 Thesis scope and objectives

The notion of ammonia as a chemical parameter that could influence habitability on icy
moons has been seldom explored by proof-of-concept experiments in literature, but has been
hypothesised. A selection of experiments show survival thresholds in ammonia, but do so
in solutions where the relative abundance of NH,* to NHj is high, or with organisms that
do not have relevance to astrobiology. The core objective of this thesis was to develop an
understanding of ammonia as a habitability factor on icy moons Enceladus, Titan and Europa.
For this, an extremophile bacteria and solutions with both a high relative abundance of NH;
and a high relative abundance of NH,* were utilised to address three primary questions:
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(a) What are the limits of life and physiological changes for an extremophile in
aqueous ammonia with high proportions of NH3?

(b) How does the atmospheric dispersal of NH; gas impact growth and viability in
nearby habitats?

(¢) What are the limits of life and physiological changes for an extremophile in
aqueous ammonium sulphate ((NH,),SO,4) with high proportions of NH,*?

1.2 Thesis outline

The thesis is divided into seven chapters including this introductory chapter. Chapter 2 presents
a thorough synthesis of the relevant background information to the thesis, including current
knowledge regarding the properties of ammonia, ammonia content on icy moons, the function
of ammonia in prebiotic and biotic systems, the known inhibitory concentrations and physio-
logical effects of ammonia in bacteria, and finally the habitability implications of ammonia.
The protocols and justification for experimental methods common to multiple chapters are
outlined in Chapter 3. Specific methodologies and protocols are outlined in each individual
research chapter.

The research results of this thesis are presented in Chapter 4, Chapter 5, and Chapter 6. All
research chapters utilise the extremophile Halomonas meridiana Slthfl. Chapter 4 addresses
question (a) by identifying the survival thresholds in ammonia, changes to growth dynamics,
growth kinetics, ultrastructural morphology and metabolism in H. meridiana upon exposure
to aqueous ammonia solutions of high pH. Chapter 5 details the spatial impact of NH; gas
on surrounding cultures of H. meridiana, directly comparing growth and viability to direct
aqueous ammonia exposure, and the temporal recovery of H. meridiana growth following NH;
dispersal. This addresses (b). Finally, (c) is pursued by exploring the concentration thresholds
for growth, alterations to growth kinetics, and the morphological and metabolomic response
of H. meridiana in aqueous (NH4),SOy solutions.

The conclusion to this thesis is presented in Chapter 7. This includes a synopsis of the main
findings and implications for the habitability of icy moons and Earth. Limitations of the thesis
as well as important future research avenues are highlighted.
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2.1 Icy ocean worlds

The concept of life beyond Earth has been the subject of both philosophical and scientific
interest for two millennia. As early as the 6™ century BCE, Greek philosopher Anaximander
speculated of multiple worlds which may harbour extraterrestrial life, and a water origin of
human life on Earth (Rovelli, 2023). This early curiosity evolved with scientific discovery; in
the 17™ century, four moons of Jupiter (Io, Europa, Ganymede and Callisto) were discovered
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by Galileo and subsequently dubbed the “Galilean moons” (Soderblom, 1980). This discovery
expanded the known celestial bodies in the Solar System. The role of water in the emergence
of life became evident in the 20" century; in the 1950s, Stanley Miller and Harold Urey
demonstrated that amino acids could form from a mixture of ammonia, methane, hydrogen,
and water (Miller, 1955). This experiment provided evidence for the theory of abiogenesis,
a “primordial soup” origin of life hypothesis whereby a mixture of inorganic compounds in
water gave rise to living organisms.

To much controversy, water-bearing minerals were detected almost two decades later in lunar
samples returned by Apollo 11 (Goles, 1971, Levinson and Taylor, 1971). This was the first
physical evidence of water beyond Earth. Further indication of liquid water beyond Earth was
established by the Galileo spacecraft. The Galileo mission provided evidence for a subsurface
ocean of liquid water below the thick ice crust of one of Galileo’s moons, Europa (Anderson
et al., 1998, Greeley et al., 1998), a prospect previously indicated by Voyager 1 and Voyager
2 in 1977 (Smith et al., 1979). At the turn of the 21* century, the National Aeronautics
and Space Administration (NASA) introduced a new scientific approach as part of the Mars
Exploration Program: “follow the water” (Hubbard et al., 2002). While designed initially
to discover records of biological processes on Mars, in 2005 the Cassini-Huygens mission
revealed plumes of water vapour and ice erupting from Saturn’s moon Enceladus (Waite et al.,
2006). Strong evidence for subsurface oceans of liquid water encased below surface ice have
since been established not only on Europa and Enceladus (Tobie et al., 2008, Roberts and
Nimmo, 2008), but Saturn’s largest moon Titan (Tobie et al., 2005, Bills and Nimmo, 2011,
Baland et al., 2011), and the other Galilean moons of Jupiter: Ganymede (Showman et al.,
2004, Saur et al., 2015) and Callisto (Zimmer et al., 2000, Cochrane et al., 2025).

Since these discoveries, “follow the water” has expanded to include the icy moons of Jupiter
and Saturn, which have emerged as compelling targets in the search for life beyond Earth.

2.1.1 Ammoniacal waters

Ammonia is a primordial molecule. It is found in celestial bodies across the universe, including
stars (Schmidt et al., 2011, Wong et al., 2018), planets (Henderson-Sellers and Schwartz, 1980,
Moeckel et al., 2023, Cleland and Rimmer, 2022, Irwin et al., 2025), moons (Waite et al.,
2009, Nelson et al., 2009, Holler et al., 2017), comets (Wyckoff et al., 1989, Feldman et al.,
1993, Poch et al., 2020), asteroids (Pizzarello et al., 2011, Glavin et al., 2025), galaxies (Ao
et al., 2011, Mills and Morris, 2013), and interstellar mediums (Cheung et al., 1968, Doherty
et al., 2022).

In ocean worlds, ammonia has been detected (Waite et al., 2006, 2009, 2017) or otherwise
hypothesised to form a constituent of the interior oceans (Khurana et al., 1998, Mousis et al.,
2002, Tobie et al., 2012, Sohl et al., 2014, Vance et al., 2018, Leitner and Lunine, 2019,
Spohn and Schubert, 2003, Ramkissoon et al., 2025). In the near vacuum pressures of space,
ammonia is primarily solid ice as temperatures are below the sublimation point (-73 °C),
the temperature at which ammonia transitions directly from solid ice to gas (Glasser, 2009).
Ammonia ice can be trapped during accretion of cold bodies such as icy moons. Internal
heating from radioactive decay or tidal forces can later release ammonia as a gas as interiors
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warm and subsurface oceans form (Spohn and Schubert, 2003, Tobie et al., 2012, Vance et al.,
2018). As a gas, ammonia readily dissolves in water (Hales and Drewes, 1979, Dasgupta
and Dong, 1986, Simonelli et al., 1998). The resulting ammoniacal waters, a mixture of
ammonia-water, can have a freezing point as low as -100 °C. Dissolution of ammonia in water
interferes with water-water hydrogen bonding, thus acting to lower the freezing point. This
antifreeze behaviour has led to the speculation that ammonia-water may maintain subsurface
liquid oceans in icy moons, despite cold surface temperatures (Johnson and Nicol, 1987, Croft
et al., 1988, Leliwa-Kopystynski et al., 2002, Chua et al., 2023).

As a H* acceptor, the dissolution of ammonia into water protonates unionized ammonia (NH3),
a weak base, to give rise to ammonium ion (NH4*) and hydroxide ions (OH"):

NH3+H20¢NH4++OH_

The position of equilibrium between NH3 and NH,* is dictated primarily by pH as per the
Henderson-Hasselbalch equation, where acidic pH promotes the formation of NH,;* and high
pH promotes the formation of NH3;. However, the speciation of ammonia is also influenced
by salinity, temperature, and pressure. In aqueous geochemical systems, the effect of salinity
on ammonia speciation is often described in terms of ionic strength. In the context of this
thesis, ionic strength is estimated using stoichiometric ionic strength, calculated directly from
the analytical concentrations of dissolved salts. Higher salinity, colder temperatures, and
higher pressures increase the negative log of the acid dissociation constant, the pK,, of the
NH; = NH, system, and thus the protonation of NH; (forming NH,*). Lower salinity,
warmer temperatures, and lower pressure exert the opposite effect (Neuhausen and Patrick,
1921, Emerson et al., 1975, Hales and Drewes, 1979, Dasgupta and Dong, 1986). Thus, the
speciation of ammonia in icy moon interiors is dictated by these physicochemical parameters
(Figure 2.1).

100 Figure 2.1: Abundance of NH3;/NH,*

S 80 as a function of pH. The pK, of the NH3
3 = NH4* system was calculated based
@ 60 upon an ionic strength of 0.3 M, a tem-
=
= perature of O °C and 1 bar pressure (refer
o 40 to section 3.5). Pressure may vary, but
o these ionic strengths and temperatures are
T 20 parameters expected within the ocean of
E Enceladus (Glein and Truong, 2025). A

0 Z IZ —_ N — pK, of 10.1 was calculated, indicated by

6 7 8 9 10 11 12 13 14 a dotted line from the z-axis.
pH

When considering ammonia salts, speciation may likewise vary by pH, temperature, and
salinity. For example, while aqueous ammonium sulphate ((NH4),SO,4) does not remain
intact as (NH4),SO,4 molecules, but dissociates to form hydrated ions (NH,* and SO,4>), the
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precise aqueous speciation may nevertheless vary with physicochemical conditions. Lower
pH can promote partial protonation of SO,* to hydrogen sulfate ion (HSO,") (Vielma and
Hefter, 2022), while increasing salinity or ionic strength can alter ion activities and favour ion
pairing, where weak and transient electrostatic interactions would occur between NH,* and
SO,% (Raeispour Shirazi et al., 2025). These effects can slightly alter the relative abundances
and activities of aqueous species, although NH,* and SO,4* may remain the dominant ions
across most conditions. Temperature may also influence (NH,4),SOy solutions through several
mechanisms. For example, the solubility of (NH4),SO, is known to increase at elevated
temperatures (Mullin et al., 1970). With rising temperature, the pK, of HSO,  and NH,*
would also decrease (Young et al., 1978, Emerson et al., 1975), favouring SO, at higher
temperatures and the formation of NHj if the pH of the aqueous system was suitable. Thus,
while NH,* and SO, are considered the dominant aqueous species in this thesis, the effective
chemical environment may vary with pH, temperature, salinity, and pressure.

In addition to speciation, temperature and pressure can also alter the phase behaviour of
ammonia. On icy moons, gravitational forces combined with the substantial thickness of
the ice shell—in the order of several to hundreds of kilometres—generate pressures tens to
thousands of bar on the subsurface oceans (Billings and Kattenhorn, 2005, Nimmo and Bills,
2010, Baland et al., 2014, Cadek et al., 2016, Lucchetti et al., 2017, Vance et al., 2018, Levin
et al., 2026). In mixtures of ammonia-water, the boiling point would remain above 0 °C, and
may only be depressed by a few degrees from the standard boiling point of water (100 °C)
when mixed with low concentrations, i.e., 1% ammonia. Pressure only increases the boiling
point (Clifford and Hunter, 1933). The freezing point is also altered by pressure. At 1000 bar
pressure, the freezing point of ammonia-water with a concentration of 1% ammonia by weight
is approximately -9 °C, slightly colder than the freezing point at 1 bar (-3 °C) (Figure 2.2). At
3000 bar, the freezing point temperature decreases substantially to approximately -33 °C, and
so on (Leliwa-Kopystynski et al., 2002).

Current models estimate the oceanic temperature of icy moons to range from -50 °C to near
zero (Kargel et al., 2000, Marion et al., 2003, Melosh et al., 2004, Matson et al., 2012, Sohl
et al., 2014, Glein et al., 2015). Given these conditions, ammonia would most likely exist in the
liquid phase within icy moon oceans, with warmer regions exhibiting ammonia gas and some
colder regions possibly exhibiting ammonia ice depending on the temperature and pressure of
the region. If permitted by sub-zero temperatures (e.g., less than -98 °C) ammonia-water may
also form solid, crystalline ammonia hydrate structures (Figure 2.2) (Hogenboom et al., 1997,
Muiioz-Iglesias and Prieto-Ballesteros, 2021).

In the following sections, the ammonia composition and speciation in icy moons is discussed.
Unionized ammonia and ammonium ion are denoted as NH3; and NH,*, respectively. Hence-
forth, the term ‘ammonia’ refers collectively to the total concentration of both NH; and NH,*
in an aqueous environment.

2.1.2 Enceladus: plumes of ammonia

In the 1980’s, Voyager 2 investigated the 6™ largest moon of Saturn, Enceladus (Figure 2.3A).
This investigation revealed a geologically young surface, and co-occurrence of the densest
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Figure 2.2: Phase diagram of ammonia-water mixtures. Phase behaviour against the concentration-
temperature plane depicted. Influence of pressures at 0.1 MPa (1 bar), 100 MPa (1000 bar), 200 MPa
(2000 bar), and 300 MPa (3000 bar) on phase behaviour is shown. The ammonia-water solidus at
176.16 K is illustrated with a solid line. A red dashed line has been superimposed on the figure to
highlight phase behaviour at a temperature of 273.15 K (0 °C). Figure adapted from Hogenboom et al.
(1997) with permission from Elsevier.

region of Saturn’s E ring with Enceladus’ orbit, possible evidence of eruptive activity (Smith
et al., 1982). Over two decades later, ground-breaking revelations were made from Cassini.
Multiple flybys of Enceladus revealed jets of icy particles erupting from 130 km long fractures
in the Southern pole, the “tiger stripes”, and confirmed deposition of particles into Saturn’s
E ring (Spitale and Porco, 2007, Porco et al., 2006). Analysis of the plumes by two mass
spectrometers onboard Cassini, the Ion and Neutral Mass Spectrometer (INMS) and Cosmic
Dust Analyzer (CDA), elucidated the presence of water vapour, ice particles, simple organics
(e.g., benzene), complex macromolecular organics, and gases such as deuterium, hydrogen,
carbon dioxide, carbon monoxide, methane, and NH; (Waite et al., 2006, 2009, 2017, Postberg
et al., 2018).

The discoveries made by Cassini reshaped Enceladus into a prime candidate for astrobiology
and further exploration. In particular, the discovery of vapour and NH; on Enceladus posed
an enthralling question as to whether there could be liquid water beneath the ice crust. As
aforementioned, ammoniacal solutions can remain liquid as low as -100 °C, depending on
the concentration of NH3; (Johnson and Nicol, 1987, Croft et al., 1988, Leliwa-Kopystynski
et al., 2002, Chua et al., 2023). The detection of NH; by Cassini therefore provided strong
indirect evidence for the existence of subsurface liquid water on Enceladus (Waite et al., 2009).
Further evidence for a liquid subsurface reservoir was gleaned by the presence of “°Ar in
the plume. Originally in reference to Titan, Engel et al. (1994) suggested that a water ocean
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preserved in the liquid state by NH; could dissolve sodium and potassium from silicate rock
into fluid, leading to eventual decay of potassium-40 into “’Ar that could later surface into the
atmosphere by cryovolcanism. The detection of *°Ar therefore provided further indications of
an ocean with active chemical exchange with its rocky core. This was only supplemented by
the detection of sodium-rich salts, such as sodium chloride (NaCl) and sodium bicarbonate
(NaHCQO:3), in Saturn’s E ring and freshly ejected plume particles. Such salts can only arise
from a liquid water origin (Postberg et al., 2009, 2011).

Cassini’s INMS data supported an observed mixing ratio of NHj3 in the plumes of Enceladus
between 0.4 to 1.3%, with variability reflecting compositional variability in the plumes (Waite
et al., 2006, 2009, 2017). The ratio aligns well with NH;-to-water ratios observed in comets
between 0.01 to 1.5% (Wyckoff et al., 1989, Palmer et al., 1996, Meier et al., 1994), supporting
the theory of primordial incorporation of solid NHj into Enceladus during accretion. Mass
spectra from the CDA analysed by Khawaja et al. (2019) subsequently indicated spectral
features consistent with NH,* in the ejected ice grains, further supporting the notion of a
subsurface ocean with dissolved ammonia. Incorporating the NHj3 data reported by Waite et al.
(2017), Fifer et al. (2022) derived a bulk molecular abundance of ammonia in the Enceladus
ocean between 0.011 to 0.169%, approximating to an oceanic concentration of ammonia
between ~0.01 to 0.1 M. This corresponds to 0.001 to 0.006% NH; and 0.01 to 0.163% NH,*
in an ocean between pH 7.95 to 9.05 (Fifer et al., 2022). Fifer et al. (2022) reason that the NH;
plume composition does not directly reflect oceanic NH3 concentration; volatile gases such
as NHj likely undergo exsolution from the liquid phase during plume formation, depleting
ammonia concentrations in the plume compared to the ocean.

However, the estimations of ammonia in the ocean of Enceladus are evolving with new data.
Following the study by Fifer et al. (2022), Postberg et al. (2023) revealed the discovery of
phosphate-rich grains in plume ejecta, with species of Na,HPO, and Na;PO, reproducing
the peak pattern of the CDA spectra most accurately. Phosphorous in ionic forms of HPO,*
and PO,* occur at pH values between 7 and 12 and greater than 12, respectively. Thus, the
presence of these phosphate species constrain the ocean from pH 10.1 to 11.6 according
to recent geochemical modelling (Glein and Truong, 2025). Reconstruction of the ocean
chemistry by Glein and Truong (2025) place concentrations of NHj at 0.0181 molal (~0.0181
M) (Glein and Truong, 2025). These concentrations are low; thermodynamic modelling of
ammonia-water mixtures indicate such concentrations would not be sufficient to sustain liquid
water if the ocean temperature was found to be below sub-zero (Croft et al., 1988, Kargel,
1992, Hogenboom et al., 1997).

The ocean of Enceladus is placed at 0 °C (Glein et al., 2015, Matson et al., 2012). At near 0
°C, the pK, for the reaction NH; = NH," is approximately 10.1 (Bates and Pinching, 1949).
Thus, as per the Henderson-Hasselbalch equation and current pH estimations, the ocean would
indeed bear ammonia predominately as NH; (Figure 2.3B). However, at the concentrations
estimated, it is unlikely NHj contributes significantly to the maintenance of liquid water. NH;
may facilitate the liquid state in colder regions of the ocean where the temperature may fall
slightly below 0 °C, but NH3 is not the primary source of antifreeze behaviour. Indeed, internal
heat generated by tidal heating is thought to be the primary driver of liquid state preservation
(Nimmo et al., 2007, Roberts and Nimmo, 2008, Chen et al., 2014).
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Figure 2.3: Aqueous ammonia within Enceladus. (A) Surface of Enceladus captured by the Cassini
Imaging Science Subsystem. Portions of the tiger stripe fractures from which plumes of water emanate
are visible along the lower right, surrounded by a circumpolar belt of mountains. Image credits:
NASA/JPL/Space Science Institute. (B) Subsurface ocean ammonia concentration determined by
Glein and Truong (2025), and speciation speculated as part of this chapter based upon estimated
physicochemical characteristics of the ocean.

2.1.3 An ammonia reservoir on Titan

Until Cassini, the surface of Saturn’s largest moon, Titan (Figure 2.4A), was shrouded in
uncertainties as dense atmosphere concealed the surface. Earth observations indicated a dense
atmosphere consisting of methane (Kuiper, 1944). The atmosphere, denser than that of Earth’s,
was unlike that observed on any other known moon. This motivated inspection by the Voyager
1 spacecraft in 1980 (Coustenis, 2014).

The discoveries made by Voyager 1 revealed a thick nitrogen-methane atmosphere with hy-
drocarbons and a surface entirely concealed by haze (Smith et al., 1982). But in 2005, close
flyby’s of the surface by Cassini unveiled what was long hidden; a hydrologic-like cycle
with methane and ethane, resulting in liquid hydrocarbon clouds, rivers, lakes and seas, and
methane rainfalls (Stofan et al., 2007, Turtle et al., 2009, Poggiali et al., 2024), as well as a
dynamic surface decorated with drainage networks, fluvial channels (Horst, 2017), mountains
(Radebaugh et al., 2007) and possible cryovolcanoes (Lopes et al., 2007, Horst, 2017). The
mission also provided evidence of a subsurface ocean below the ice crust (Lorenz et al., 2008,
Bills and Nimmo, 2011).

A subsurface ocean on Titan had been proposed long before Cassini. The persistence of
methane in the atmosphere of Titan, despite continual elimination by photochemical processes,
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suggested the presence of an internal replenishment mechanism. Lunine and Stevenson (1987)
proposed that Titan harboured a subsurface water ocean maintained in the liquid state by
the antifreeze properties of NH;. In this model, methane retained during Titan’s accretion
was thought to be stored in clathrate hydrates (i.e., crystalline solids where water molecules
form cages that trap gas molecules) and periodically released to the surface by cryovolcanic
eruptions (Lunine and Stevenson, 1987). The pH of Titan’s ocean remains undetermined,
but is modelled at greater than pH 7.3 (Marion et al., 2012, Brassé et al., 2017, Leitner and
Lunine, 2019). In an ocean of 5% NHj3, a pH of 11.83 is expected (Brassé et al., 2017). Lower
temperatures increase pK, (Zahn, 2017b,a, Samuelsen et al., 2019). Titan’s ocean could be -18
°C (Sohl et al., 2014). Thus, the ocean would likely bear considerable quantities of ammonia
as NHj;.

Engel et al. (1994) considered an ocean of up to 15% NHj; based upon thermochemical models
of the Saturnian nebula. Indeed, cosmochemical models indicate that Titan accreted with solar
volatiles, and may have incorporated significant levels of NHj into its interior (Mousis et al.,
2009). The discovery of NHj3 on Enceladus by Cassini circumstantially supported the presence
of NH; on Titan (Waite et al., 2009). As on Enceladus, further indirect evidence of liquid water
in contact with the silicate core in Titan’s history was provided by the detection of *°Ar in the
atmosphere (Niemann et al., 2005). An aqueous NHj; subsurface ocean on Titan could be a
plausible source of atmospheric nitrogen (Owen, 2000). Indeed, cryovolcanic flows observed
by the Cassini Titan Radar Mapper exhibited rheological properties consistent with aqueous
NH3;, and possibly methanol, slurries (Lopes et al., 2007, Mitri et al., 2008). However, recent
models place the abundance of NHj at 1.5 to 5%; a lower NHj3 concentration fits the observed
bulk density of Titan (Vance et al., 2018, Tobie et al., 2012), thermal profiles and mechanical
behaviour of the ice shell (Sohl et al., 2014) and the tidal deformation data provided by Cassini
(Leitner and Lunine, 2019). In addition to NHj3, radiogenic heating may support the liquid
state in Titan’s ocean (Grasset et al., 2000, Sohl et al., 2014).

In an ocean of 1.5 to 15% NH3, and an ocean density of 1,091 g/L. (Goossens et al., 2024), a
molar concentration of NHj can be calculated between 0.96 to 9.6 M as per Eq. 2.1, where p
is the oceanic density at 1,091 g/L (Goossens et al., 2024), %NHj3 is 1.5 to 15% NHj3, and the
molar mass of ammonia is 17.031 g/mol.

p X %N H;

M= Molar mass @D
The presence of aqueous NHj is largely accepted when modelling Titan’s interior (Grasset
and Sotin, 1996, Grasset et al., 2000, Tobie et al., 2005), and found probable by Cassini’s
gravitational data (Goossens et al., 2024). An aqueous NHj ocean is depicted in Figure 2.2B.
However, it is geochemically plausible that NH; dissolved in aqueous solution would react
with internal silicates to yield ammonium salts (Kargel, 1992, Marion et al., 2012). An ocean
of aqueous (NH,4),SOy is thermodynamically more stable than a NH; and water ocean. An
aqueous (NH4),SO,4 ocean also has a density that may create a Rayleigh—Taylor instability
within the ice crust that leads to the rise of buoyant diapirs, a possible mechanism of cryovol-
canism (Fortes et al., 2007, Grindrod et al., 2008). The presence of (NH4),SO, would indicate
an oceanic pH less than 10.1 (pK, at 0 °C) which does not align with current estimations.
However, salinity and pressure can increase pK, (Clegg and Whitfield, 1995, Samuelsen et al.,
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2019), and thus the pH required for the NH;* — NHj transition may become higher. This
would support the persistence of NH,* despite the high pH of the ocean (Figure 2.4B). Indeed,
a pressure of 8,000 bar is estimated at the seafloor (Journaux et al., 2020).

Figure 2.4: Titan as an abode of ammonia. (A) Titan captured by the Cassini Imaging Science
Subsystem. The thick atmosphere of Titan is visible by a haze across the surface and lack of surface de-
tails. Saturn’s other moon, Tethys, is observed behind Titan. Image credits: NASA/JPL-Caltech/Space
Science Institute. (B) The possible ammonia chemistries of Titan. The subsurface ocean could be com-
prised of 1.5 to 15% ammonia, calculated at a molarity of 0.96 to 9.6 M (left-hand pane). Alternatively,
the ocean may bear considerable ammonia in the form of ammonium sulphate ((NH4);SO,) (right-hand
pane).

Freezing point depression can also be achieved without NH;. The liquid state of Titan’s ocean
could be preserved by a high concentration of salts (Mitri et al., 2014). The possibility of
a magnesium sulphate (MgSO,) ocean has been considered and models of a MgSO, ocean
align well with Titan’s density (Vance and Brown, 2013, Mitri et al., 2014, Vance et al., 2018).
Indeed, accretion with MgSOy, is plausible as C1 and C2 carbonaceous chondrites contain up
to 10% MgSO, (Fredriksson and Kerridge, 1988). However, the atmosphere and surface of
Titan exhibit reducing conditions. In addition to methane, a suite of reduced organic molecules
are present in the atmosphere (e.g., ethane, acetylene, tholins) and there is a lack of oxidants,
such as oxygen (Maguire et al., 1981, Kunde et al., 1981, Sagan et al., 1992, Niemann et al.,
2005, Nixon, 2024). Sulphur salts form from oxidation reactions, and thus the redox state of
Titan favours NH;. Surface analysis by NASA’s mission Dragonfly may provide clarifications
into the subsurface ocean composition (Lorenz et al., 2018, Barnes et al., 2021).
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2.1.4 Europa’s subsurface ocean

Jupiter’s moon Europa was first observed by Galileo in 1610 (Soderblom, 1980). Later, high-
resolution images of Europa’s surface by Voyager 1 and 2 revealed a smooth terrain minimally
impacted by craters and intersected by a network of fractures and ridges (Figure 2.5A) (Smith
et al., 1979). These morphological features led to the hypothesis that active cryovolcanoes
may periodically resurface the moon by emplacement of subsurface material. Subsequent
magnetic field measurements of Europa by the Galileo spacecraft were consistent with a
saline liquid layer (Khurana et al., 1998), and further surface features revealed the presence
of mobile icebergs and ice diapirs (Rathbun et al., 1998, Carr et al., 1998, Pappalardo et al.,
1998). While the evidence for a subsurface ocean is strong, conclusive evidence of active
plumes or cryovolcanic activity is lacking. Evidence of such activity may be illuminated by
NASA’s Europa Clipper (Howell and Pappalardo, 2020, Vance et al., 2023), and the European
Space Agency’s (ESA) Jupiter Icy Moons Explorer (JUICE) (Fletcher et al., 2023, Poulet
et al., 2024), that will reach the Galilean moon in 2030 and 2032, respectively.

For now, the ocean below Europa remains terra incognita. The ocean is encased below an
ice crust estimated between 4 and 170 km (Anderson et al., 1998, Hand and Chyba, 2007,
Howell, 2021). Thus, without subsurface information provided by active surface venting, the
composition of the subsurface ocean is indicated only by surface chemistries and theoretical
modelling. Thermal models by Lewis (1971) indicated that the Galilean satellites likely contain
an ammonia-rich liquid water layer. Kargel (1991) argued that water or salt brines, rather than
ammoniacal mixtures, likely drive cryovolcanism on Europa. This is because, unlike the colder
Saturn nebula, the thermal properties of the Jovian nebula would have sustained ammonia as
NH; gas. Gas is not well incorporated into smaller bodies during accretion, thus preventing
significant incorporation of ammonia into the Jovian moons including Europa (Kargel, 1991).
Indeed, nitrogen-bearing species have yet to be conclusively detected on Europa, and evidence
of tidal heating indicates an antifreeze component such as NH; would not be required to main-
tain liquid water (Carr et al., 1998, Chen et al., 2014, Béhounkova et al., 2021). However, an
ammoniacal ocean is still plausible by thermal transport and thermochemical models (Spohn
and Schubert, 2003, Ramkissoon et al., 2025). Indeed, NH; may have been a key chemical in
the primordial ocean-atmosphere system (Moulanier et al., 2025).

If present, dissolution of NH; from the primordial atmosphere into the ocean of Europa may
have encouraged the formation and incorporation of NH,* (Moulanier et al., 2025). Notably,
(NH,4),SO, forms one of the candidate species that may have been detected on the surface of
Europa by the Galileo spacecraft (Mermy et al., 2023). Surface salts such as (NH,4),SO,4 could
have been emplaced by venting from the ocean below or ice shell convection. As depicted
in Figure 2.5B, the presence of an ammonium salt as opposed to NH; would align with the
estimated oceanic pH of less than 8.4 (Johnson et al., 2019, Pasek and Greenberg, 2012, Tan
et al., 2021), and temperatures up to 0 °C (Marion et al., 2003, Melosh et al., 2004), where
NH,4* would predominate. Whether ammonia is indeed a constituent of Europa’s internal
chemistry may be illuminated by Europa Clipper through the analysis of atmospheric gases
and plumes and ejecta, if any (Becker et al., 2024, Howell and Pappalardo, 2020, Vance et al.,
2023).
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Figure 2.5: The ammonia content of Europa’s subsurface ocean. (A) Europa’s mosaic surface cap-
tured by the Galileo spacecraft. Long, linear ridges and cracks decorate the surface, along with distinct
surface colouration arising from geological components. Image credits: NASA/JPL-Caltech/SETI
Institute. (B) Ammonia speciation in the subsurface ocean of Europa. Ammonia concentration in
the ocean has not been estimated. However, most models constrain the waters as acidic (Johnson
et al., 2019, Pasek and Greenberg, 2012, Tan et al., 2021). Thus, if ammonia is present, NH;* would
predominate in the ocean.

2.1.5 Ammonia beyond the big three

Enceladus, Titan, and Europa represent icy moons for which extensive data has been gathered.
However, the other Galilean moons, Ganymede and Callisto, are also subjects of scientific
interest. In the case of Ganymede, this icy moon is the primary target of ESA’s JUICE (Fletcher
et al., 2023, Poulet et al., 2024). Along with Titan, Ganymede and Callisto are the largest
known icy satellites, and both moons are expected to feature subsurface oceans (Zimmer et al.,
2000, Kivelson et al., 2002, Saur et al., 2015, Cochrane et al., 2025). However, there is no
strong evidence for tidal heating on either of these Jovian moons. An antifreeze component
within the waters such as NHj is therefore hypothesised (Khurana et al., 1998, Mousis et al.,
2002, Spohn and Schubert, 2003, Vance et al., 2018). Indeed, Ganymede and Callisto formed
in the outer, cooler regions of the Jovian disk where the incorporation of frozen ammonia
could be plausible (Mousis and Gautier, 2004, Mousis and Alibert, 2006).

It is not without mention that ammonia-bearing liquid reservoirs are not confined to the icy
moons of Jupiter and Saturn but are hypothesised across a wide range of outer Solar System
bodies. For example, an ocean is expected on Neptune’s moon, Triton. Thermal-structural
models of Triton indicate the strong possibility of a long-lived subsurface ocean, probably
enriched in ammonia. However, the presence of ammonia in this ocean has not yet been
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directly confirmed (Gaeman et al., 2012). Similarly, Charon, Pluto’s largest moon, and the
moons of Uranus (Ariel, Umbriel, Titania, and Oberon) may also host internal liquid water
oceans with ammonia (Brown and Calvin, 2000, Cheng et al., 2014, Rhoden et al., 2015,
Cochrane et al., 2021, Castillo-Rogez et al., 2023). Pluto itself could also host a subsurface
liquid ammonia-water ocean (Robuchon and Nimmo, 2011, Nimmo et al., 2016). Indeed,
ammonia has been detected on the surface (Dalle Ore et al., 2019). More broadly, several
Kuiper Belt Objects are predicted to contain subsurface liquid water oceans, in which ammonia
may be a constituent (Hussmann et al., 2006, Brown, 2012). However, few of these bodies
have confirmed surface detections of ammonia, and the composition and extent of their internal
liquids remain uncertain.

In contrast to these examples, the dwarf planet Ceres represents one of the few bodies in
the Solar System for which there is strong evidence for ammonium-rich brines. Ceres is
the largest object in the main asteroid belt between Mars and Jupiter. Observations from
NASA’s Dawn mission revealed that Ceres’ surface is globally enriched in ammoniated phyl-
losilicates, identified through near-infrared spectral features associated with NH4*-bearing
minerals (De Sanctis et al., 2024). The widespread presence of these phases suggests that
ammonia was incorporated into the crust during aqueous alteration processes early in Ceres’
history. In addition, several localised bright surface deposits, particularly within Occator crater,
have been interpreted as residues formed from subsurface brines that reached the surface and
subsequently lost water through sublimation (Zolotov, 2017, Nathues et al., 2022). These
deposits contain sodium carbonates and ammonium salts, consistent with precipitation from
ammonia-bearing brines. Gravity data and geological analyses from the Dawn mission further
indicate that Ceres may host long-lived subsurface brine reservoirs within its crust, which can
be mobilised by impacts or cryovolcanic processes to feed these surface deposits (Raymond
et al., 2020, Singh et al., 2021). Together, these observations suggest that Ceres represents a
chemically distinct aqueous environment within the Solar System, where interactions between
water, salts, and ammonia have played a major role in shaping the planet’s geochemical
evolution.

While many planetary bodies in the Solar System may host liquid water and ammonia,
compositional data on these planetary bodies are lacking. These limited physicochemical
constraints do not allow for the estimation of ammonia abundance, speciation, and phase
behaviour, and thus these bodies were not included as a the primary research focus as part this
thesis.

2.2 Life in ammonia: Earth

To understand how ammonia may influence the habitability of extraterrestrial systems, it is
critical to assess how ammonia shapes the habitability of terrestrial environments. At 25 °C,
the NH; = NH," equilibrium has a pK, of 9.25, and thus a pH above or below this value
(salinity, temperature, and pressure will also adjust marginally this value) dictates whether
NH; (> pH 9.25) or NH;* (< pH 9.25) predominate (Bates and Pinching, 1949, Bower and
Bidwell, 1978). Many environmental systems are temperate and operate at near neutral pH
and standard atmospheric pressure. Thus, in most water, soil and living systems on Earth, NH;
occurs in gas form. However, the natural levels of NH; are trace amounts (< 6 ppm) (Roney
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et al., 2004). As such, there are limited natural environments that mirror a cold and saline
aquatic environment with NHj present, such is speculated in icy moons. There are, however, a
few cases where life has been documented to thrive in high NH;-bearing environments. In
bat caves, decomposition of bat urea drives high concentrations of gaseous NH; (McFarlane
et al., 1995). Yet microbes, along with bats, colonise this habitat (Studier, 1966, Newman
et al., 2018, Leon et al., 2018). Similarly, in the alkaline waters of Mono Lake, United States,
concentrations of NHj3 incrementally increase with depth to a final concentration near 500
uM at 35 m. Despite high NH; concentrations, bacteria have been isolated at these depths
(Ward et al., 2000, Humayoun et al., 2003). Both examples indicate that life can persist
in concentrated NH; environments on Earth. However, NHj; is also characterised as a toxic
substance. To assess the potential for extraterrestrial habitability, the following sections discuss
the role and impact of NH; as well as NH,™ in terrestrial ecosystems.

2.2.1 Ammonia in prebiotic and biotic chemistry

The origin of life on Earth is speculated to have arisen from increasingly complex interactions
that led to the formation of functional cellular bodies (Monnard and Walde, 2015, Goldman,
2023). It is known nitrogen was a key molecule involved in this process as it is required to
produce amino acids in modern systems (Miflin and Lea, 1982, Bender, 2012). In primordial
systems, alkaline hydrothermal vents may have acted as vectors for prebiotic chemistry as
these sites provide heat, chemical gradients, and mineral catalysts (Martin and Russell, 2006,
Russell et al., 2010, Lane and Martin, 2012, Sojo et al., 2016). It is hypothesised that ammonia
produced in early hydrothermal vents could have been the nitrogen resource for prebiotic
chemistry (Martin et al., 2008, Sojo et al., 2016, Nishizawa et al., 2021). Indeed, ammonia
has been demonstrated to form amino acids under early Earth conditions (Miller, 1955, Lowe
et al., 1963, Furukawa et al., 2009), as well as those present on Titan (Neish et al., 2009, 2010).
Very low partial pressures of ammonia, on the order of 10 atm, would have been sufficient to
sustain prebiotic chemistry in a seawater origin of life scenario (Wigley and Brimblecombe,
1981). It is of interest to note that hydrothermal-derived ammonia could have been prevalent
as part of the primordial atmosphere within the Hadean era, and that ammonia production
was less in the Archean when the earliest known life formed (Brandes et al., 1998, Nishizawa
et al., 2021, Shang et al., 2023b,a). It is perhaps that the heightened levels of ammonia in the
Hadean era may have been one of the factors that precluded the formation of life.

In modern systems, ammonia sustains habitability by forming a vital part of the nitrogen
fixation cycle. NH,* is the form of ammonia that predominates in this process due to the
moderate pH of many ecosystems (Fowler et al., 2013), however NH3 may also be present and
utilised. Ammonia is formed naturally by diazotrophic bacteria, cyanobacteria and archaea that
perform nitrogen fixation. In this process, atmospheric nitrogen (N,) is reduced to ammonia
(Burris and Roberts, 1993, Ribbe, 2011, Shin et al., 2016). Ammonia may also be available as
a result of ammonification by decomposition of organic excretion or tissue (including DNA,
proteins, amino acids) by various fungi and prokaryotes (Ladd and Jackson, 1982, Strock,
2008, Singh, 2016). The subsequent pool of NH,* and NHj in the environment is sequestered
by nitrifying bacteria such as ammonia-oxidising bacteria (AOB) to produce nitrate via nitrite
(Wallace and Nicholas, 1969, Schmidt and Belser, 1983, Koops and Pommerening-Rdoser, 2001,
Caranto and Lancaster, 2017). Ammonia may be also directly assimilated into microbes and
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plants and incorporated into the synthesis of amino acids and nucleotides, whereby glutamate,
a nitrogen donor, is the first and most central amino acid formed from ammonia (Smith et al.,
1980, Rogers and Aneja, 1980, Tesch et al., 1999, Vo et al., 2013, Hachiya and Sakakibara,
2017). The nitrogen cycle is completed by denitrifying bacteria such as Paracoccus and
Pseudomonas that process nitrate back into biologically inert N, (Alexander, 1965, Rajta et al.,
2020, Ji et al., 2015). The presence of NH4* and NHj; in the environment thus plays a crucial
role in supporting diverse microbial communities and plant growth. These compounds ensure
the continuous availability of biologically usable nitrogen, which is essential for life on Earth.

2.2.2 Toxicity of ammonia

While ammonia forms a vital part of the global nitrogen cycle, high concentrations of ammonia
are widely documented as toxic to life as we know it. On Earth, the speciation of ammonia
dictates the degree of toxicity exerted. The small size and uncharged nature of gaseous NHj3
permits passive, unregulated permeation across lipid membranes (Ritchie and Gibson, 1987a,b,
Ritchie and Islam, 2001, Brazier, 2016). Due to the lone pair of electrons on the nitrogen atom,
NH; may act as a H" acceptor. Under biological pH (pH 7.4 to 7.8), permeated NH; combines
with cytoplasmic H* to form NH,4*. The capture of H* increases cytosolic pH (Bosoi and Rose,
2009).

In eukaryotic cells, such intracellular NH;3-driven alkalization has been associated with dis-
rupted calcium signalling (Horie et al., 1995, Rose et al., 2005), disrupted organelle acidi-
fication, and with enzyme dysfunction (Moriwaki et al., 2024). Additionally, capture of H*
can dissipate the proton motive force required for ATP generation (Bai et al., 2001, Angelova
et al., 2022), causing oxidative stress by production of reactive oxygen species (Angelova
et al., 2022, Han et al., 2020). In archaea, NH; transport has been correlated with dissipation
of the transmembrane pH gradient in methanogen Methanospirillum hungatei (Sprott et al.,
1984). These cellular toxicity mechanisms are depicted in Figure 2.6. For prokaryotes, specific
effects of NH;-driven reactions remain poorly characterised. Increased NH;* and NHj; has
been correlated with reduced ATP production and electron transport system activity in Enter-
obacter cloacae HNR (Weng et al., 2022). Internal alkalization can elicit a stress response in
prokaryotes (Schuldiner et al., 1986), but specific cellular and molecular targets and outcomes
of internal NH; are not defined well within prokaryotes overall.

In addition to an internal rise in pH, the external rise in pH caused by NHj has also often been
implicated as the cause of toxicity in living organisms (Figure 2.6) (Taglicht et al., 1987, Vines
and Wedding, 1960). Indistinguishable toxicity between ammonia and solutions of identical
pH have been characterised for Bacillus subtilis, Sporosarcina, Paenibacillus, Staphylococcus,
Brevibacillus, Streptomyces, Pseudomonas and Arthrobacter (Deal et al., 1975, Kelly et al.,
2012). In Escherichia coli, results vary. In the same study by Deal et al. (1975), ammonia was
shown to be distinctly more toxic than NaCl solutions at pH 9.5, but indistinct toxicity was
observed at pH 10. Likewise, for Bacillus subtilis, toxicity between ammonia and NaCl was
distinct at pH 9 but indistinct at pH 10 (Deal et al., 1975). Vines and Wedding (1960) indicated
that, in plants, high pH is not a direct toxicity mechanism of ammonia per se, but rather a
vehicle through which larger amounts of gaseous NH; can enter cells and disrupt biological
processes (Vines and Wedding, 1960). Thus far, studies have utilised neutrophilic organisms
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Figure 2.6: Mechanisms of cellular ammonia toxicity. Research across the domains of life has
revealed several pathways of cellular NHj3 toxicity caused by disrupted internal chemistries (red X).
These toxic effects are exerted firstly by the disruption of the intracellular proton pool, as the conversion
of NH3z — NH4"occurs following unregulated, passive diffusion of NH3. Downstream chemistries such
as intracellular pH, the transmembrane proton gradient and proton motive force can become disrupted
as a result. Enzyme and organelle function may also become disrupted by changes in pH.

to examine external NHj toxicity. These organisms are sensitive to both extracellular and
intracellular alkalization. This has hindered clarity as to whether an external rise in pH induced
by NHj is a factor that causes, or merely facilitates, bacterial toxicity.

In contrast to NHj3, the positive charge of NH4* prevents passive diffusion through the hy-
drophobic core of lipid membranes. Instead, NH4* is transported through ammonium transport
(Amt) membrane proteins (Kim et al., 2012, Wacker et al., 2014), which may also facilitate
passive NHj diffusion (Soupene et al., 1998, 2002). Due to similarities in charge, ionic radius
and hydration properties, NH4* can compete with potassium ions (K*) for transport through
ion channels (Neijssel et al., 1990, Moser, 1987, Bosoi and Rose, 2009). This facilitated
diffusion and active transport of NH,* regulates cellular uptake, thereby reducing toxicity
of NH,* relative to NH;. However, high accumulations of NH4*, such as that caused by
cation channel influx (Ramirez et al., 1999, Burckhardt and Fromter, 1992), or unregulated
permeation of NHj3, can upset cell homeostasis. NH,* can acidify the intracellular medium
(Burckhardt and Fromter, 1992, Ramirez et al., 1999) and influence membrane potential
(Golby et al., 1990, Wang et al., 2018). Elevated NH,* can also disrupt K* balance (Sprott and
Patel, 1986, Szczerba et al., 2008, Kong et al., 2014, Shi et al., 2020) which is essential for pH
balance, membrane potential, intracellular communication, electrical signalling, and osmo-
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protection (for extended reviews, see Beagle and Lockless (2021) and Benarroch and Asally
(2020) for bacteria, Johnson et al. (2022) for plants and McLean and Wang (2021) for humans).

The whole cell outcomes of NH4* toxicity are much more defined in literature across a breadth
of species compared to NH3. Such effects include disruption of amino acid, lipid and nu-
cleotide metabolism in shrimp (Xiao et al., 2019), production of reactive oxygen species,
interruption of Ca?* homeostasis, and induction of cell apoptosis in mammalian cells (Wang
et al., 2018), acidification in plants (Hachiya et al., 2021), and decline of motility and energy
metabolism in bacteria (Weng et al., 2022). Accumulating concentrations of NH4*, as opposed
to increasing NH; or pH, have also been found to be a contributing factor suppressing the
abundance of Anaerobranca, Tepidimicrobium and Proteiniborus in anaerobic digesters (Dai
et al., 2016).

Ammonia toxicity occurring by the independent action of NH,4* is thus possible, although less
common due to the regulated transport of this ion. Further research is needed to clarify the
intracellular effects of NH; on prokaryotes. However, evidence thus far indicates the overall
picture of NHj toxicity is one where both species of ammonia act in concert against biological
components. NH3 bypasses membrane regulation and passively diffuses into cells. NH4* is
formed following the permeation of NHj into cells. Damaging cellular effects occur by the
actions of both NH; and NH,™.

2.2.3 Ammonia in the anthropocene

The bioavailability and uptake of NH,* through specialised transporters makes NH4* one of
the preferred nitrogen sources of many prokaryotes and photolithotrophs on Earth (Kleiner,
1981, Raven et al., 1992, Britto et al., 2001, Reitzer, 2003). Thus, it is by design that ammonia,
(NH4),SO4 and calcium ammonium nitrate represent the major nitrogenous fertilizers used
in agriculture (Tyagi et al., 2022). In the United Kingdom, agriculture accounts for 82% of
all atmospheric NH; pollution (Guthrie et al., 2016). Atmospheric and aquatic pollution of
ammonia can also occur by industrial processes (Behera et al., 2013, Matthews et al., 2000).
The accumulations of excess NH,* and NH; can be toxic to life, as described in section 2.2.2.
While fertilizer supports crop growth, application of NH,* to soils leads to acidification (Gijs-
man, 1990, Gorissen et al., 1993, Tyagi et al., 2022) and increased ionic strength (Gorissen
et al., 1993). The downstream effects of this are evident; application of ammonium fertilizer
has shown to reduce bacterial populations in the roots of Douglas-firs (Gorissen et al., 1993)
and reduce bacterial richness and diversity in soils (Witter et al., 1993, Toljander et al., 2008,
Du et al., 2019, Hu et al., 2023).

Application of ammonium fertilizer also can lead to the release of NH; when deposited into
high pH soils—volatilization (Eno et al., 1955, Powlson and Dawson, 2022, Luo et al., 2022).
Volatilization is a process in which a substance transitions from the liquid to the gas phase,
escaping into the surrounding air or vacuum. During this phenomenon, the gaseous substance
physically leaves liquid and enters the atmosphere or space. Global NH; emissions from
agriculture are estimated at up to 78 tetragrams per annum (Luo et al., 2022). NH; losses
from (NH,4),SO, fertilizer application range between 20-40%, but could be as high as 66%,
in soils with a pH > 7 (Powlson and Dawson, 2022). Between the years of 2002 to 2016,
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NHj; emission and concentrations globally were only found to increase (Warner et al., 2017).
Atmospheric pollution of NHj is significant as NH; can mobilise from the initial, local site
of release to distant environments (L0 et al., 2025, Leytem et al., 2024, Sutton et al., 1998,
Bouet et al., 2005). Ammonia has been detected up to 3 kilometres from a source pollution
site and could be detected at a level of 5.1 ug/m? in natural reserves (=7 ppb) (L0 et al., 2025).
This is far above the trace averages expected. The subsequent effect of volatilized NH; on
an ecosystem is likely to be concentration-dependent: low concentrations of ammonia could
stimulate growth of plants and bacteria (Bollmann et al., 2002, Hernandez-Guzman et al.,
2022, Hao et al., 2023), but, ammonia at sufficient concentrations could disrupt biological
processes across the domains of life. Indeed, application of anhydrous ammonia in soil has
shown to decrease the number of nematodes, fungi and bacteria where pH, and thus NHj;
volatilization, was increased (Eno et al., 1955). Whether long-range delivery of volatilized
NH3, as often occurs on Earth, could also exert such a detrimental biological impact has not
been explicitly shown in literature.

2.3 The habitability of ammoniacal oceans

It is evident ammonia can have a paradoxical influence on life on Earth. Many of these findings
are derived from relatively benign environments (i.e., moderate pH, temperature, salinity, and
pressure). Ocean worlds are, relative to conditions on Earth, extreme environments. As
described previously, oceans of high pH are estimated on Enceladus and Titan (Marion et al.,
2012, Leitner and Lunine, 2019). Temperatures range from 0O to 90 °C on Enceladus (Glein
et al., 2015, Matson et al., 2012), near 0 to -20 °C in the waters of Europa (Kargel et al.,
2000, Marion et al., 2003, Melosh et al., 2004), and to -18 °C on Titan (Sohl et al., 2014).
The pressure exerted on these oceans can also be immense; at the ocean floor, pressures are
estimated at 8,000 bar on Titan (Journaux et al., 2020). At the ice-ocean interface, pressure
estimates on Europa are between 840 and 2,050 bar (Kargel et al., 2000). On Enceladus,
pressures could be as low as 0.5 bar but as high as 600 bar (Neveu et al., 2020, Xu et al.,
2025, Vance et al., 2018, Schoenfeld et al., 2023). Plume vent regions likely exhibit pressures
significantly lower than 1 bar (Glein and Truong, 2025).

Salinity is also a factor in these oceans. Tentative estimates place the oceanic salinity of
Enceladus, primarily composed of NaCl, NaHCO;, Na,COs;, below 4% (Hsu et al., 2015).
This ocean likely falls between 2 and 20 g/kg (Zolotov, 2007). At 2 g/kg, these estimates
are lower than the salinity of seawater on Earth (approximately 35 g/kg or 3.5% (Ludwig,
2022)). Comparatively, the subsurface oceans of Titan is expected to be much more saline.
Tidal distortion analysis suggests a dense internal ocean with high amounts of sulphur, sodium
and potassium salt (Mitri et al., 2014), with a salinity as high as 200 g/kg (Idini and Nimmo,
2024). Salinities between 3 g/kg and upwards of 100 g/kg are expected on Europa (Sahai et al.,
2024), whereby a sulphate-rich and magnesium-rich ocean is supposed (Kargel et al., 2000,
Fanale et al., 2001, Zolotov and Shock, 2001, Melwani Daswani et al., 2021).

As per Cockell et al. (2016), habitability can be defined by “an environment capable of sup-
porting the activity of at least one known organism”. Organisms that could develop under
these extremes of pH, temperature, salinity, and pressure would have to utilise specialised
adaptations to survive. On Earth, such organisms are known as extremophiles. Acidophiles,
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alkaliphiles, psychrophiles, thermophiles, halophiles, and piezophiles exclusively colonise
habitats of extreme acidity (less than pH 3), high pH (greater than pH 9), low tempera-
ture (between -20 and 10 °C), high temperature (60 to 122 °C), salinity (greater than 1.7%)
and pressure (exceeding 100 bar), respectively (Martin and McMinn, 2018, Rothschild and
Mancinelli, 2001). By definition, extremophiles are restricted to environments that reflect their
specialized adaptations. However, some organisms merely tolerate such extremes without
requiring them for growth. When evaluating the potential for life beyond Earth, extremophiles
serve as ideal analogues for investigating the survival limits and physiological traits that may
be compatible with the extreme physicochemical conditions of icy moon subsurface oceans.
Indeed, extremophiles on Earth already demonstrate that life can thrive in waters of sub-zero
temperature (Franzmann et al., 1992), pH 11 (Suzuki et al., 2014) and upwards of 200 g/kg
salinity (Meinzer et al., 2023), for example.

Some prokaryotes even display ammonia-dependent metabolisms. These “ammoniaphiles”
include ammonia-oxidizing archaea (AOA) and AOB. These are chemolithotrophs that utilise
ammonia as an energy resource, oxidizing NHj to nitrite in the first-rate limiting step of
nitrification (Zorz et al., 2018, Koops et al., 2006). However, -phile often implies thriving in
highly concentrated or extreme conditions. AOA and AOB are tolerant to high NH4* (0.01
to 0.43 M) but not NHj (activity reduced 15.9% in less than 0.001 M NHj;) (Tourna et al.,
2011, Vejmelkova et al., 2012, Qian et al., 2017). It follows that these organisms are often
neutrophilic or, at most, alkalitolerant (Koops et al., 2006, Lu et al., 2021). When assuming
the conditions in icy moons would require the formation of ammonia-dependent physiolo-
gies, haloalkaliphilic AOA or AOB could make suitable analogues. However, most known
haloalkaliphilic AOA and AOB, such as Nitrosomonas halophila, are limited to growth at pH
9 (Sorokin et al., 2001), and are not widely available from culture collections. This limits their
use for examining the habitability of ammoniacal waters on icy moons.

When considering the habitability of icy moons, the low ammonia concentrations estimated
in the oceans beckons the question as to whether would life need ammonia adaptations to
thrive. Methanogens, without ammonia adaptations, can continue metabolic functions in
low NH; (0.002 to 0.006 M) (Yi et al., 2023). Methanogens are often considered ideal
analogues for life within icy moon oceans. Methanogens have been isolated from an array
of extreme environments on Earth, use simple energy sources (e.g., hydrogen and carbon
dioxide), produce methane (methane has been detected on both Enceladus and Titan), and
are anaerobic (McKay et al., 2008, Taubner et al., 2015). Due to limited oxygen delivery
to the oceans, anaerobic respiration was thought to be a requirement in the oceans of icy moons.

Models now suggest oxygen generated on the surface of icy moons by radiation could be
transported to the oceans below (Teolis et al., 2017, Ray et al., 2021, Hesse et al., 2022, Szalay
et al., 2024). This expands the metabolic possibilities in the oceans to aerobes, such as bacteria.
Like methanogens, extremophilic bacteria have been widely documented in literature (see
Pikuta et al. (2007) or Bowers et al. (2009)). However, bacteria possess a wider range of
metabolisms that could be suitable to the chemistries within icy moons (e.g., sulphur oxidation,
nitrate reduction, ammonia oxidation) (Yin et al., 2014, Kilic et al., 2017, Koops et al., 2006).
Notably, bacteria without ammonia adaptations were isolated at depths of 35 m in the NH;-
laden Mono Lake (Humayoun et al., 2003). Bacteria have also been isolated from apt icy
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moon analogue environments, such as the hypersaline and -13 °C waters of ice-sealed Lake
Vida (Murray et al., 2012). The use of extremophile bacteria in limits-of-life research could
therefore offer a nuanced perspective on the habitability potential of icy moons. The following
sections examine whether the ammoniacal subsurface oceans of icy moons could sustain life
by drawing on known bacterial survival thresholds in ammonia. This includes an analysis of
physiological changes that may preclude the existence of or alter the biology of bacteria, such
as specific toxic effects and adaptative mechanisms.

2.3.1 Icy moons in vitro: ocean habitability

As life could be entrained in the ejected ice grains from the plumes of Enceladus, much
microbiology research in astrobiology has focussed on viability and detectability of microbes
following simulated entombment in ice (Kelly et al., 2012, Bywaters et al., 2020, Parker et al.,
2023, Klenner et al., 2024). Few experiments have provided in vitro assessments of how
simulated icy moon conditions with ammonia could afflict bacterial life. Those that have, have
done so from a planetary protection perspective, assessing the risk of surface contamination
on icy moons with common terrestrial bacteria carried by spacecraft, not extremophiles. How-
ever, this data can still provide valuable constraints on habitability in ammonia. Molton and
Ponnamperuma (1972) demonstrated survival thresholds of four bacteria, E. coli, Serratia
marcescens, Aerobacter aerogenes and B. subtilis, to a simulated Jovian atmosphere of H,
(56%), He (43%), CH4 (0.5%) and NHj3 (0.5%). Pressure-temperature regimes included those
that could be applicable to icy moon interiors (=50 bar and -13 °C, and ~68 bar and 0 °C).
Survival varied with these conditions. Near-total mortality occurred under the colder treatment
(deaths as %—E. coli, 97%; S. marcescens, 93%; A. aerogenes, 63%; B. subtilis, 100%), while
fewer proportional deaths occurred at O °C (deaths as %—E. coli, 19%; S. marcescens, 50%).
Although not designed to assess oceanic habitability, these findings indicate that microbial
persistence in ammonia mixtures may be constrained at sub-freezing temperatures or supported
at near 0 °C.

The multi-extreme conditions employed by Molton and Ponnamperuma (1972) make it difficult
to attribute a single parameter, or combination of parameters, to bacterial death. Namely, the
influence of ammonia on bacterial survival limits cannot be established. Subsequent studies,
however, have isolated the impact of ammonia by examining bacterial viability in simple,
aqueous ammonia solutions under extreme temperatures. Deal et al. (1975) defined that 0.1
M ammonia was toxic to E. coli and B. subtilis in solutions at 25 °C and pH 9.5 to 10.5
(NH; > 50%). Molar limits of toxicity were not assessed, but cell viability at 25 °C was
reduced at a higher rate as pH increased. This correlates to an increased relative proportion of
NHj;. Reduction to cell viability still occurred at 0 °C, albeit at a slower rate. From this, we
can make two assumptions: (i) abundance of NHj is proportional to toxicity, and (ii) lower
temperatures reduce toxicity. The latter phenomenon could be explained by a reduction to
kinetic energy associated with lower temperatures that ultimately limits substantial membrane
permeation of NH;. The parameters utilised in this study (pH 10.5, temperatures at 0 °C, and
0.1 M ammonia) align well with the physicochemical properties expected on Enceladus (see
2.1.2). These findings imply that terrestrial organisms like E. coli and B. subtilis would face
significant physiological stress, if not outright mortality, under such conditions.
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2.3.2 Bacterial thresholds in ammonia

Simulated icy moon environments in vitro have indicated that the presence of ammonia can
contribute to the toxicity of an aqueous solution. But these experiments do not define the
concentration thresholds for life in aqueous ammonia. As presented in Table 2.1, estimated
concentrations of ammonia between icy moons vary. Not only this, but speciation also varies.

The speciation of ammonia, as well as concentration, plays a critical role in bacterial inhi-
bition. In accordance with the toxicological data, aqueous environments with NH3, such as
those hypothesized for Enceladus and/or Titan, may present a more significant physiological
challenge to microbial survival and adaptation if present at sufficient concentrations. However,
the definition of “sufficient concentrations” is loose; the concentration thresholds for growth
of bacteria in ammonia have not yet been properly established.

Table 2.1: Ammonia concentration and speciation estimated for icy moon subsurface oceans

Predominant species' | Est. [NH3;] (M) | Est. [NH4*] (M)
Enceladus NH; 0.01817 0.007447
Titan NH; or NH,* 0.96 t0 9.6 M! Not estimated
Europa NH,* or nil Not estimated Not estimated

! Speculated in this chapter as per physicochemical expectations of oceans (Eq. 2.1)
2 Estimated by Glein and Truong (2025)

There is not a significant body of work that intersects microbiology, icy moon physicochemical
conditions and ammonia. In lieu of this, survival thresholds in ammonia can be gleaned
from research in other fields. For example, much existing work regarding survival thresholds
of bacteria in ammonia has been conducted from the perspective of wastewater treatment
in anaerobic digesters. However, anaerobic digesters are often maintained below pH 9.25,
whereby the relative abundance of NHj is less than 50%. These conditions are not comparable
with those estimated in the oceans of Enceladus and Titan. However, an indication of limits
of bacterial life in ammonia can still be drawn from this research. The minimal inhibitory
concentration (MIC) for a wide variety of bacteria in ammonia is presented in Table 2.2.
Where MIC was not stated outright, an estimate was derived from the pH of the experiment
using the pK, of ammonia and the Henderson-Hasselbalch equation. In this case, the MIC
was defined as the lowest concentration of ammonia that limited visible growth and function.
While the physicochemical conditions underpinning the MIC of ammonia given in Table 2.2
may not be comparable to icy moons, some of the bacteria utilised exhibit alkaliphilic and
halotolerant metabolisms (B. linchenformis) or alkalitolerance and halotolerance (B. subtilis, B.
cereus, E. faecium, E. durans, M. luteus) that are relevant to the high pH and saline properties
expected in icy moon oceans.
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Table 2.2: Minimal inhibitory concentration (MIC) of NH; and NH,* across bacterial species

Species Strain MIC ([NH3], M) | MIC ([INH4*], M)
Enterobacter cloacae® HNR ~0.00049 ~0.0138
Escherichia coli® MG1655 0.0042 0.750°
Corynebacterium glutamicum® | ATCC 13032 0.0112 1.989%
Bacillus subtilis® - 0.0133 0.750°
Escherichia coli® K-12 >0.02, <0.04" -
Bacillus subtilis® 168 >0.02, <0.04" -
Enterococcus durans® ST2 >0.02, <0.04" -
Pseudomonas sp.© - >0.02, <0.047 -
Enterobacter faecalis? NCTC 00775 0.025 0.465
Listeria innocua® NCTC 11288 0.025 0.465
Escherichia coli® NCTC 10538 0.025 0.465
T1, T2, T19, T22,
Bacillus subtilis? T33, T39, DK-W1, 0.05 0.931
N3, N4 and N5
Bacillus cereus® T31 and T38 0.05 0.931
Bacillus megaterium® i;?:;dﬁr"lgi(’) T34, 0.05 0.931
Pseudomonas aeruginosa® NCTC 10299 0.05 0.931
Bacillus subtilis® 168 ~0.064 ~1.456
Bacillus subtilis® T5 and DA2 0.15 0.279
Bacillus cereus® NCIMB 9373 0.15 0.279
Sulphate-reducing bacteria® - 0.2* 0.166*
Bacterial isolate® 4-1 ~0.3" -
Bacterial isolate® 4-2 ~0.3" -
. e d T20, N1, N2, DA1
Bacillus subtilis and NCIMB 3610 0.3 0.559
Bacillus cereus? T41 0.3 0.559
Bacillus licheniformis® ATCC 39302 0.3 0.559
Enterococcus faecium® DK-C1 0.3 0.559
Micrococcus luteus® NCDO 0982 0.3 0.559
Staphylococcus aureus9 NCDO 0949 0.3 0.559
Salmonella typhimurium® NCIMB 10248 0.3 0.559
Bacillus subtilis® T36 0.5 0.931
Proteus morgani® NCIMB 00067 0.5 0.931
Bacillus pumilus® NCIMB 9369 >0.5 0.931
Bacillus pasteurii NCIMB 8841 >0.5 0.931

4 From Weng et al. (2022)
b From Miiller et al. (2006)
¢ From Tada et al. (2021)

4 From Leejeerajumnean et al. (2000)

¢ From Hamill et al. (2020)
f From Dai et al. (2017)

$ Growth impairment attributed to osmotic or ionic effects of NH,*
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¥ Cultured in NH3 gas
# MIC derived from ammonia concentrations in reactor 3

The proceeding comparison is not meant to imply the presence of life, but rather explore
whether known biological limits intersect with extraterrestrial conditions. Any similarity
in chemical ranges should not be interpreted as evidence for life but rather as a point of
interest for further study. The ammonia concentrations estimated on Enceladus fall below
the MIC of NHj established for a majority of the bacteria in Table 2.2. The exceptions are E.
cloacae HNR, E. coli MG1655, B. subtilis and Corynebacterium glutamicum ATCC 13032,
which exhibit sensitivity to concentrations of NH; below 0.0181 M. It is notable the maximal
inhibitory threshold for B. subtilis is 0.5 M. Spore-formation of B. subtilis has been implicated
for the survival of this species when frozen in 35% NH; (Kelly et al., 2012). Bacillus pumilus
and Bacillus pasteurii have demonstrated a tolerance up to and possibly exceeding 0.5 M
NHj;, the current upper limit of bacterial survival in ammonia recorded in literature. The
high level of tolerance can be attributed to ammonia utilisation; in Bacillus pasteurii, NH;
supports substrate oxidation (Wiley and Stokes, 1962), permeability of substrates (Wiley and
Stokes, 1963) and ATP generation (Jahns, 1996). This could indicate concentrations of 0.96
M NHj; could be survived by some species, however, survival in 0.96 M NH; has not been
explicitly demonstrated. Based on the data presented in Table 2.2, the known NHj tolerance in
bacteria does not overlap with the NH; concentrations estimated for Titan. On Europa, the
concentration of ammonia in the subsurface ocean of is not estimated. However, Table 2.2
demonstrates that the toxicity of NH,* for bacteria is low and, as such, the limits of bacteria
in NH4* is high. Bacteria demonstrate growth in up to 2 M NH,*. If it is true that Europa
incorporated only low amounts of ammonia into its interior during accretion, the levels of
NH,* in the subsurface ocean of Europa could fall within a range that has been observed to
support bacterial survival of Earth.

2.3.3 Physiology in ammonia

Having considered the concentration thresholds for bacterial survival in ammonia, it is perti-
nent to consider the physiological influence of ammonia on extracellular bacterial structure and
intracellular processes. Physiology determines successful propagation within an environmental
niche. The structure-function relationship between a biological entity and its environment is an
essential prerequisite for a habitable environment becoming inhabited. As such, physiological
responses to external ammonia can indicate adaptations that may be suitable for surviving
in high ammonia, as well as indicate the molecular and cellular stress responses that may
preclude the persistence of viable biology. Physiological characteristics elevated in response
to extreme environments, such as compatible solutes, proteins, lipids, fatty acids, and other
metabolites can additionally be used as biological markers for life. For this reason, instru-
mentation capable of detecting such biological components feature onboard NASA’s Europa
Clipper (Klenner et al., 2024), and could implemented on future missions to Enceladus, the
Enceladus Orbilander (MacKenzie et al., 2021), and are to be incorporated on the Titan-bound
Dragonfly (Barnes et al., 2021).

To date, the physiological response to ammonia is not well characterised in bacteria. Much
work has been dedicated to the transcriptomics and metabolomics of methanogens under

ammonia stress (Dai et al., 2016, Kato et al., 2014, Zhang et al., 2014, Gao et al., 2015). In
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bacteria, the physiological response to ammonia limitation, as opposed to ammonia replete
conditions, is predominantly represented in literature (Behrends et al., 2012, Alarico et al.,
2014). Studies that have examined physiological changes associated with ammonia exposure
have done so at relatively low concentrations (0.001 to 0.035 M), within a pH range where NH,*
predominates by a significant margin (pH 7.8) (Sedlacek et al., 2019, Goude et al., 2004, Zorz
et al., 2018, Sayavedra-Soto et al., 2015). These concentrations and conditions are unlikely
to be comparable to the oceanic environments on Enceladus or Titan, and transcriptomic,
proteomic and metabolomic insight into the bacteria physiological response to high proportions
of NHj is absent. However, they could possibly bear resemblance to the internal chemistries
of Europa and are nonetheless worthy of discussion. The following material is summarised in
Figure 2.7.

Figure 2.7: Bacterial physiological changes to ammonia exposure. Several changes to internal
molecular features have been characterised in bacteria exposed to ammonia solutions where the relative
abundance of NH4* is higher than NH3. This includes altered nitrogen metabolism resulting in
NH3; oxidation and biosynthesis of amino acids and proteins, cell wall modification, oxidative stress
relief, biofilm formation, and altered mechanisms in osmotic protection. To date, there is a lack of
literature indicating the physiological response of a cell to ammonia where the relative abundance of
NHj is higher than NH4*. AMO, ammonia monooxygenase; GDH, glutamate dehydrogenase; LPS,
lipopolysaccharide; Rbo, rubrerythrin.

Firstly, it has been shown that a major response to elevated ammonia is alteration to nitrogen
metabolism. AOB within the genus of Nitrosomonas cultivated in ammonia exhibit elevation
to nitrogen reducers: nitrite reductase and cytochrome c-552, as well as ammonia oxidizers,
ammonia monooxygenases (Zorz et al., 2018). Sedlacek et al. (2019) demonstrated that a
cluster of Nitrosomonas spp. were capable of faster growth rates in ammonia compared to
Nitrosomonas spp. of a separate cluster. The fast-growing Nitrosomonas spp. exhibited
the putative nitric oxide-scavenging module ncgABC within the genome. This module is
speculated to encode a suite of proteins that work in conjunction with the nitrogen reductase
NirK (Sedlacek et al., 2019). NirK has been implicated as an electron shuffle that supports
ammonia oxidation (Cantera and Stein, 2007). These physiologies are thus indicative of two
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biochemical responses to ammonia: energy-generating NH; oxidation, and the activation of a
secondary process such as nitrifier denitrification or flexible nitrogen metabolism. In the latter
case, this may be a response to excess electron generation from ammonia oxidation and the
need to maintain redox balance. However, these physiological adaptations to ammonia are
specific to AOB as most other bacterial groups do not perform ammonia oxidation.

In bacteria without ammonia adaptations, ammonia is primarily assimilated for amino acid
biosynthesis through the glutamine synthetase-glutamate synthase (GS-GOGAT) pathway or
the glutamate dehydrogenase (GDH) pathway. GS has a higher affinity for NH,* and thus
is preferentially utilised at low NH4* concentrations (Nagatani et al., 1971, Kanamori et al.,
1987b, Yan et al., 1996). Use of either the GS-GOGAT or GDH pathway yields glutamate,
the primary nitrogen reservoir. It is therefore logical an increase in ammonia would lead to
increased nitrogen assimilation and biosynthesis of amino acids. Indeed, in excess ammonia,
elevation to amino acid transcripts have been reported in E. cloacae. In accordance with higher
levels of NH4*, E. cloacae exhibited downregulation of the GS-GOGAT pathway (Weng et al.,
2022). Amplification to factors involved in protein translation, translocation and folding have
also been reported in N. winogradskyi (Sayavedra-Soto et al., 2015) and Nitrosomonas spp.
(Zorz et al., 2018) upon ammonia exposure.

In addition to nitrogen metabolism, glutamate has a secondary function as a compatible solute.
Compatible solutes accumulate under osmotic stress to balance osmotic pressure and maintain
cellular hydration. Notably, the presence of ammonia has been found to alter the pool of
osmolytes synthesised. Cultivation of Erwinia chrysanthemi under high salt and 0.01 M am-
monia saw the accumulation of the osmolyte glucosylglycerate, as opposed to the commonly
synthesised glutamate, in response to osmotic stress (Goude et al., 2004). Both glucosyl-
glycerate and glutamate are charged at biological pH and thus increase the ionic strength of
cytoplasm. However, the accumulation of glucosylglycerate as a dominant osmolyte under
stressing salt conditions has not been reported in other bacteria. It is possible this is a symptom
of a downregulated GS-GOGAT pathway as has been observed in E. cloacae (Weng et al.,
2022). While glutamate can be produced through the GDH pathwayj, it is not as efficient and
may led to a comparative reduction in glutamate compared to glucosylglycerate when utilised
(Wakisaka et al., 1989, Yan et al., 1996). This discovery is particularly apt for waters that could
impose both osmotic and ammonia stress, such as the highly saline ammoniacal ocean of Titan.

Further physiological alterations in response to ammonia are those of protective adaptations.
While NH,* translocation across the cell membrane is generally regulated and controlled,
excess permeation can still disrupt intracellular processes. Even at neutral pH, small but
appreciable amounts of NH3; would exist in equilibrium with NH4* and contribute to internal
biochemical perturbation. In ammonia, Nitrosomonas spp. have exhibited elevated proteins
in cell wall modification (e.g., peptidoglycan-binding proteins) and oxidative stress relief
(e.g., rubrerythrin) (Zorz et al., 2018). These proteins likely support restricted NH; diffusion
across the membrane and manage NH;-driven production of harmful reactive oxygen species,
respectively. Upregulation to transcripts in oxidative stress relief have likewise been reported
in bacteria without ammonia adaptations, such as E. cloacae (Weng et al., 2022).
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Further physiological defensive mechanisms against ammonia have been identified in the
form of biofilms. Biofilms are an organized collation of bacteria adhered to one another and
an external surface through a matrix formed of extracellular polymeric substances (EPS).
The EPS can consist of polysaccharides, lipopolysaccharides (LPS), proteins, and DNA that
provide a physical barrier to external stresses. In bacteria without ammonia adaptations, the
synthesis of the EPS constituent LPS has been reported in E. cloacae (Weng et al., 2022) and
N. winogradskyi (Sayavedra-Soto et al., 2015). Amplification to protein and polysaccharide
synthesis has also been reported in E. cloacae, coinciding with upregulation to the protein
secretion system known as the type 2 secretion system (T2SS) which supports extracellular
export of proteins for EPS formation (Weng et al., 2022). Both bacteria exhibited a reduc-
tion to motility and motility related genes in response to ammonia which is characteristic
of bacteria encased in EPS. However, it should be highlighted that these adaptations reflect
a general stress response that are not exclusively triggered by ammonia (Storz and Hengge,
2010, Jolivet-Gougeon and Bonnaure-Mallet, 2014).

The lack of specific adaptations to ammonia do not reflect an inability to adapt but rather limited
opportunity to adapt; ammonia concentrations occur at low levels in natural environments on
Earth. Where ammonia levels are naturally higher, organisms might be expected to incorporate
ammonia into multiple biological metabolisms, such is the case for AOB. Although, it is not
without question that additional factors such as those akin to oxidative stress relief and biofilm
formation could support life in concentrated aqueous ammonia. Indeed, within Earth oceans,
biofilms are widespread and are essential for microbial survival, ecology and contribution to
global biogeochemical cycles (Zhang et al., 2019, Qian et al., 2022, Antunes et al., 2019).

2.3.4 Lessons from a polluted planet: ice habitats

Oceans are not the only environments within icy moons that could hold water, and thus,
potential habitats. The ice shells of icy moons could support brine channels, veins, pockets
and fractures (Kargel et al., 2000, Buffo et al., 2021, Wolfenbarger et al., 2022, Buffo et al.,
2023). On Earth, such brine networks have shown to sustain life. Organisms can be entrained
into liquid inclusions of ice shells during ice formation. The subsequent labyrinth of brine
networks connected to the ocean below can provide liquid water, nutrients and dissolved
gas that preserve viable life (Loose et al., 2011, Dieckmann, 2002). Viruses, prokaryotes
and eukaryotes have been isolated from terrestrial sea ice (Maranger et al., 1994, Brown and
Bowman, 2001, Lizotte, 2003, Mueller et al., 2005). Chroococcidiopsis CCMEE 029 and
CCMEE 171 have been shown capable of surviving in sodium sulphate (Na,SO,4), MgSO4
and NaCl ice frozen to -40 °C (Cosciotti et al., 2019). It has therefore been suggested that
cryobrine networks in ice shells of icy moons could offer viable habitats. Particularly those
near the ice-ocean interface where temperatures are more suitable for biological propagation
(Kargel et al., 2000, Wettlaufer, 2009). While a majority (~ 80%) of these brine habitats on
Europa may not supply enough nutrients to become inhabited, it is estimated ~ 20% could
sustain life without active growth under nutrient-limited conditions. A smaller portion of
nutrient-rich brine channels, isolated near the ice-ocean interface, could also support active
growth (Wolfenbarger et al., 2022). Such habitable ice environments proximal to the ice-ocean
interface on Europa and Enceladus have also been suggested by Buffo et al. (2021).
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When considering the permeation of ammonia into ice shell niches, several scenarios are
possible (Figure 2.8). Brine compositions within ice shells could reflect the composition of
the ocean from which the brine is derived. Brine channels, veins, pockets, and fractures within
the ice could therefore contain ammonia. Exclusion from the ice lattice during ocean water
freezing may even concentrate ammonia into the brines (Hammond et al., 2018). Upward shift
of brines into the ice shell may encourage exsolution of NHj (i.e., separation of NH; from
the liquid phase and release as a gas). This occurs as per Henry’s Law that states as pressure
decreases, as does solubility of gas. Fractures that are open to the surface may enable NH;
volatilization, depending on local pH, pressure, and temperature. Volatilized NH; could then
migrate along the fracture system and potentially enter other intersecting brine networks within
the ice shell. NH; may also adsorb onto the ice sheet. NH; has been shown to adsorb onto
ice between -50 and -25 °C (Richter et al., 2025). NH; gas could also be delivered through
secondary sources, such as plume activity at sites like the tiger stripes on Enceladus. At the
ocean-plume interface, brine rises from the ocean into the vent system, where exsolution of
NHj; occurs. Within the plume shaft, NH3 gas could begin condensing onto the ice walls or
become incorporated into the ice shell via plume fallback. A hypothetical scenario might
proceed as follows: NH; adsorbs onto ice; the adsorbed NH; migrates slowly through the ice
shell by surface or bulk diffusion; NH3; may enter liquid inclusions within the shell, where it
dissolves into liquid brine.

The dispersal and accumulation NHj3 in brine channels, veins, pockets, or fractures of icy
moons is analogous to NHj volatilization on Earth. Volatilized NH; disperses from an
ammonia source into surrounding environments. Although more proof-of-concept data is
required, dispersed NHj3 occurring as a consequence of volatilization has shown to influence
the habitability of soil for bacteria and eukaryotic organisms (Eno et al., 1955), and could
alter the habitability of distant terrestrial environments. Taking lessons from a polluted planet,
NHj; from icy moon oceans could likewise alter the potential for habitability not just locally
within the ocean, but also at a distance in ice shell brine networks where dispersal of NH3 is
plausible. Understanding this interaction could also help us demonstrate and characterise the
repercussions of terrestrial ammonia pollution on the habitability environments both local to
sites of ammonia emission and distant.

2.4 Astrobiology of ocean worlds: uncertainties, challenges and perspec-
tives

Potential habitability constraints imposed by ammonia within icy moon oceans have been
noted (McKay et al., 2008), but experiments validating this hypothesis are limited. Of ex-
periments that have explored the limits of life in ammonia, these have either utilised a pH
below 9.25, where the relative abundance of NH; to NH4" is small, or bacteria that do not
have physiological adaptations that could be relevant to the physicochemical conditions on icy
moons. While low concentrations of ammonia and near neutral pH may be suitably applicable
for the ocean of Europa, these experiments do not inform habitability assessments of the high
pH oceans of Enceladus and Titan. Indeed, a closer examination of limits-of-life research
reveals additional underlying gaps in knowledge that continue to challenge our understanding
of ammonia as a habitability factor. For example, whether external pH contributes to NH;
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Figure 2.8: Penetration of ammonia into icy moon ice shell habitats. Brine may percolate into
channels from the ocean below, delivering chemical constituents, including ammonia and liquid water,
to these habitats (A). In some instances, depicted in (B), ammonia may concentrate within brine
channels or pockets as a result of exclusion from the ice lattice. Exsolution (C) may occur at regions
where liquid water is open to the vacuum or air, such as plume vent regions, permitting volatilization
(D) if fractures are open to the surface, and dissolution of ammonia into intersecting brine channels
higher in the ice shelf or release from the surface (E). Ammonia adsorbed (F) onto the ice shell may
migrate to brine channels and pockets. Alternatively, ammonia could be deposited directly onto and
within the ice shell if brine networks are exposed to plumes at the plume vent region (G).

toxicity, the physiological effects of NHj3 on bacteria, and the implications of NHj dispersal
on microbial viability and ecology. Such information would allow us to consider whether
toxicological challenges presented by ammonia could be overcome by suitable biological
adaptations, or be merely detrimental to the development of life as we know it. We could also
consider how distance-based dispersal of ammonia could affect the potential for habitability.

In addition to several outstanding uncertainties, there are several challenges presented when
considering the suitability of oceans worlds to permit life beyond Earth. Firstly, we cannot
directly compare icy moon oceans to any known environment on Earth. There are terrestrial
environments that contain high concentrations of ammonia effluent. However, these environ-
ments do not present the other physicochemical extremes (e.g., pH, temperature, pressure)
that would make them suitable as an analogue for icy moon ocean environments. We also
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do not yet have precise physicochemical information regarding the oceans. Icy moon oceans
are sealed below ice shells in the order of several to hundreds of kilometres thick, generating
hydrostatic pressures of tens to a few hundred MPa at the seafloor, and up to a few GPa at
the seafloor of larger moons (Billings and Kattenhorn, 2005, Nimmo and Bills, 2010, Baland
et al., 2014, Cadek et al., 2016, Lucchetti et al., 2017, Vance et al., 2018, Levin et al., 2026).
While missions could incorporate ice drilling instrumentation, technological advancements
in drilling are limited as ice sheets on Earth reach a maximum thickness of 4.9 kilometres
(Fretwell et al., 2013). Thus, the ocean chemistries, including ammonia, are not fully clarified.

The challenges presented mean the presence and abundances of salts, volatile organics, and the
temperature, pH, and pressure of the oceans can only be estimated from surface observations.
In turn, conditions within in vitro experiments can only be based upon these estimations or
speculative assumptions. This is a particular challenge when considering ammonia as a habit-
ability factor: what is the concentration of ammonia within the oceans? What is the speciation
of ammonia in the oceans? Could the concentration of ammonia, along with pressure and
temperature conditions in the oceans, sequester NH; into non-toxic solid hydrates? Could
ammonia-based life develop, thus negating the lethality of ammonia? These questions cannot
be defined with precision, yet define ammonia toxicity.

What we do know is that as well as an antibiotic, ammonia is a prebiotic molecule. Alkaline
hydrothermal vents coinciding with ammonia could have supported the emergence of life on
Earth. We also know that several prebiotic prerequisites for the emergence of life on Earth
are also present on Enceladus, Titan and Europa. For example, there is evidence of tidal
heating (Carr et al., 1998, Nimmo et al., 2007, Roberts and Nimmo, 2008, Chen et al., 2014,
Béhounkova et al., 2021) or radiogenic heating (Grasset et al., 2000, Sohl et al., 2014) on
all three ocean worlds. Hydrothermal activity at the ocean floor of Enceladus and Europa
(Zolotov, 2007, Matson et al., 2007, Hand et al., 2007, Vance et al., 2007, Hsu et al., 2015) is
plausible, akin to origin-of-life hydrothermal vents on Earth. Redox chemistry on Titan could
supply essential chemical energy (McKay and Smith, 2005, McKay, 2016). The essential
elements for life on Earth, the CHNOPS suite (carbon, hydrogen, nitrogen, oxygen, phospho-
rus, sulphur), have been detected or are otherwise feasible on Enceladus (Waite et al., 2009,
2017, Postberg et al., 2023, Xu et al., 2025). Many of the CHNOPS have also been detected
on Titan (Sagan et al., 1992, Hiscox, 2000, Owen, 2000, Nixon, 2024) and Europa (Hiscox,
2000, Szalay et al., 2024). Organics have been directly detected in the plume of Enceladus
(Waite et al., 2009, Postberg et al., 2018), in the atmosphere of Titan (Lellouch et al., 1989,
Niemann et al., 2005), and have been tentatively detected on the surface of Europa (McCord
et al., 1998). The combination of liquid water, heat, chemical energy, and organic molecules
would suggest these environments could feasibly host habitable environments. The geological
chemistries presented on icy moons, in addition to ammonia, thus make ocean worlds strong
astrobiology targets in the search for life.

When considering the potential for biological life on other celestial bodies, it must be consid-
ered that conditions within icy moons may be habitable but not inhabited (Cockell, 2014, 2020).
We must also consider that many other conditions in addition to ammonia (i.e., temperature,
pressure, and salinity) also play critical roles in microbial viability. However, before we
can philosophise of ammonia-water habitability, or explore the impact of multi-extremes on
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life including ammonia, we must first understand fundamental aspects of life in ammonia
that remain in question. These will not determine whether ammoniacal environments are
truly habitable, but they will assess the potential for habitability on both icy moon and Earth
environments as a function of this single parameter.
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3.1 Bacterial strain selection

For all experiments, the aerobic, gram negative bacterium Halomonas meridiana Slthfl (DSM
15724) was selected (Figure 3.1). Halobacteria are often polyextremophilic and thus ideal
models for astrobiology (Wu et al., 2022). This strain was originally isolated at a depth of
2000 m from a low temperature hydrothermal fluid in the East Pacific Rise. As a consequence
of this deep, low temperature ocean environment, H. meridiana exhibits several adaptations to
extremes of salinity, pH, temperature, and pressure. Firstly, H. meridiana is a halophile with
optimum growth at 2 to 7% (w/v) NaCl, and can exhibit growth in up to 22% (w/v) NaCl. H.
meridiana is also alkalitolerant, growing optimally at pH 8 but with growth tolerance up to
pH 12. H. meridiana can also continue to grow in temperatures as low as -1 °C and shows
piezotolerance; growth under 550 bar has been recorded (Kaye and Baross, 2004, Kaye et al.,
2004). These adaptations categorise H. meridiana as an extremophile.

33



Methodology

Figure 3.1: Cryo-SEM of Halomonas meridiana Slthfl. Scale bar = 1 pym. Imaged using a FIB-SEM
(FEI) with SESI signal detection. Accelerating voltage: 2.00 kV, probe current: 100 pA, working
distance: 5.0 mm, ESB grid: 300 V, magnification: 14,000 x.

For the purpose of this thesis, the selection of H. meridiana was underpinned by three criteria:

1. Anisolation location with geological and physicochemical similarities to those that could
occur in icy moons oceans. Icy moons subsurface oceans such as those of Enceladus
and Europa are hypothesised to contain hydrothermal vent systems (Glein et al., 2007,
Matson et al., 2007, Hand et al., 2007, Vance et al., 2007, Hsu et al., 2015), and could
have available oxygen for aerobic metabolism (Teolis et al., 2017, Ray et al., 2021,
Hesse et al., 2022, Szalay et al., 2024). The waters of Enceladus, Titan, and Europa
are also thought to be saline, and with exception of Titan, could exhibit salinities
comparable to Earth’s ocean (Zolotov, 2007, Sahai et al., 2024). The waters of these
deep extraterrestrial oceans are also cold, likely below 0 °C (Kargel et al., 2000, Marion
et al., 2003, Melosh et al., 2004, Matson et al., 2012, Sohl et al., 2014, Glein et al., 2015),
and under hydrostatic pressure (Kargel et al., 2000, Vance et al., 2018, Journaux et al.,
2020, Neveu et al., 2020, Schoenfeld et al., 2023, Xu et al., 2025). The environment of
isolation is therefore highly relevant to icy moons.

2. This bacterium has associated physiological metabolisms that support its survival in
fluids with properties similar to icy moons. The extremophilic adaptations presented by
H. meridiana are relevant to survival in low temperature, high pH brines under pressure,
characteristics comparable to the ocean waters of icy moons.

3. H. meridiana exhibits no known adaptation to ammonia. The purpose of this thesis was
not to study ammonia adaptation as is found in AOB, but rather to study the limits of
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life in ammonia. Icy moons such as Enceladus and Europa are estimated to contain only
small concentrations of ammonia, and the concentration of ammonia on Titan could be
as low as 1.5%. Thus, it was not necessary to study an ammonia adapted bacterium but
rather assess whether ammonia could be a chemical parameter which limits habitability
for organisms without ammonia adaptations.

An additional rationale for the selection of H. meridiana was availability of the genome
sequence (Takahashi et al., 2020) [DDBJ, accession no. AP022821]. As described below,
metabolomic analysis formed a part of this work. While a complete genome sequence is not
a requirement for metabolomics, it provides benefits in scientific accuracy and validity. For
example, the genome sequence can provide a point of reference to confirm whether a certain
metabolite or pathway identified in the metabolomic analysis is substantiated by genes present
in the whole genome. These factors made H. meridiana the ideal candidate to explore the
objectives of this thesis.

3.2 Bacterial culture

Standard microbial techniques were used throughout this thesis. All materials used in culturing
were either sterile single-use plastic or sterilised by autoclaving at 121 °C for 20 minutes.
Aerobic culture of H. meridiana was performed in glass conical Erlenmeyer flasks at 28 °C in
an orbital bench-top shaking incubator set to rotate at 150 RPM. Aerobic cultures were initiated
and manipulated with sterile pipette tips using aseptic technique in a laminar flow hood. H.
meridiana was grown in yeast media consisting of 1g/100 mL Bacto™ yeast extract (Becton,
Dickinson and Company), 0.2 M NaCl (Thermo Fisher Scientific, CAS Number: 7647-14-5)
and distilled water (dH20). Yeast extract was chosen to simulate an aqueous environment
where there is an availability of nutrients via single-cell organic debris, as opposed to peptone
or tryptone which contain materials derived from more complex animals. A concentration of
0.2 M NaCl was selected as this is the concentration of NaCl estimated within the ocean of
Enceladus (Postberg et al., 2009). Although several salts and organics comprise the waters
of icy moon oceans, the addition of too many variables would restrict the ability to attribute
microbiological effects to ammonia.

3.3 Preparation of ammoniacal solutions

All aqueous ammonia solutions were prepared from 35% ammonium hydroxide (Fisher
Scientific, CAS Number: 1336-21-6) in yeast media to desired concentrations. Solutions of
ammonium sulphate ((NH4),SO,) were prepared from a 2 M stock solution of (NH4),SO, in
yeast media. These solutions were assumed to dissociate fully into NH;* and SO4* ions in
aqueous solution. Although minor speciation such as HSO,4™ formation or ion pairing may
occur depending on pH, temperature, and ionic strength, NH,* and SO4* were expected
to dominate under the experimental conditions used in this study. To preserve the relative
proportion of NH3 and NH,* and ensure microbiological effects observed were derived purely
from ammonia, the pH of these solutions was not adjusted. However, pH-matched solutions of
yeast media were created by addition of either sodium hydroxide (NaOH) or hydrochloric acid
(HCI). The pH of solutions was determined with a Jenway 3510 bench-top pH meter. pH was
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matched to within £ 0.01 pH units. All solutions were filter-sterilised through a 0.22-micron
pore before use. Ammonia concentrations were selected in a range that includes the lowest
concentration threshold of ammonia estimated for the ocean of Enceladus (/0.01 M) (Fifer
et al., 2022, Glein and Truong, 2025), as well as the highest concentration threshold (=0.1 M)
(Fifer et al., 2022). Values that could be representative of the ammonia concentrations within
the ocean of Titan (greater than 0.5 M) were also utilised (Brassé et al., 2017).

3.4 Measurement of ammonia

In Chapters 4 and 5, changes in ammonia concentration over time were assessed by direct
measurement. For this, ammonia concentration were deduced by a direct nesslerization re-
action using the CHEMetrics High Range VACUette Ammonia Test Kit (K-1510C). Direct
nesslerization determines ammonia concentration by a reaction of ammonia with potassium
mercuric iodide. This produces a yellow-coloured complex, the Nessler reaction product,
which can be measured at 420 nm (Jeong et al., 2013). The K-1510C kit features a detection
range of 0-10,000 ppm ammonia and a detection limit of 100 ppm, along with standards of
ammonia. The standards were utilised to create a calibration curve of known concentrations of
ammonia in ppm against absorbance at 420 nm (Figure 3.2).

Figure 3.2: Absorbance of ammonia at 420 nm as a
function of standard ammonia concentrations (ppm).
Data points were obtained by direct nesserlization reac-
tion of known concentrations of ammonia and subsequent
absorbance readings at 420 nm. The calibration curve
was created by linear regression. Samples of unknown
ammonia concentration were determined by calculation
of z (Eq. 3.1).

Ammonia concentration of a sample was determined by rearrangement of the linear regression
equation (Eq. 3.1).

_ Agzo +0.006736
~0.0001018

(3.1)

Molarity of ammonia was derived from ppm as shown in Eq. 3.2, where 1 ppm~1 mg/L, and
molar mass refers to the molar mass of ammonia expressed in g/mol.

M- ppm - 1000 (3.2)

Molar mass
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3.5 Relative abundance of NH; and NH,*

In Chapter 4, the relative abundance of NH3;, and thus NH,*, in a sample was deduced indirectly
by calculation. In solution, NH; and NH,4* exist in equilibrium:

NH3—|—H20:\NH4+—|—OH_

The proportion of NH; in an ammonia sample is primarily influenced by pH. Alterations in pH
alter the protonation environment, thereby changing the relative proportions of protonated and
deprotonated ammonia in accordance with the Henderson—Hasselbalch relationship between
pH and the negative log of the acid dissociation constant (pK,). As such, the concentration of
NH; in a sample can be derived by the total ammonia concentration ([N H3| 4+ [N H4*)), as in
Eq. 3.3.

NH;| = [NH; + NH;|/1 4 10@K—pH) (3.3)
4

However, salinity, temperature, and pressure also impact the abundance of NH;. Salinity
(ionic strength), pressure, and temperature can alter the pK, of NH,;* in solution. Theoretical
calculations by Whitfield (1974) on the hydrolysis of NH;* in sea water, and the subsequent
use of these calculations by Hampson (1977) to derive the relationship between total ammonia
and NHj in ocean waters, were used in this thesis to calculate the proportion of NHj in a
sample based upon changes in salinity, temperature, and pressure. The steps in this calculation
are outlined below.

Step 1: pK, as a function of salinity

Whitfield (1974) and Hampson (1977) provided the relationship between ionic strength (/)
and pK, as a function of salinity (pK.*) (Eq. 3.4), and provided pK,* values of NH3/NH,* at
various ionic strengths. These data points were plotted in a linear regression analysis (Figure
3.3). Using the linear regression equation, pK,* could be calculated by Eq. 3.5.

In this thesis, ionic strength refers to the stoichiometric ionic strength, calculated from
the analytical concentrations of dissolved ions in solution. Stoichiometric ionic strength
assumes ideal behaviour, calculating the total potential concentration of ions assuming full
dissociation of salts. An alternative definition is effective ionic strength, which incorporates
non-ideal solution behaviour. This considers activity coefficients or ion pairing effects that
may occur in concentrated electrolyte solutions. However, because the solutions used in this
thesis were prepared from defined salt compositions and were of moderate ionic strength,
the stoichiometric ionic strength provides a practical and widely adopted approximation for
calculating equilibrium constants such as pK,. The use of stoichiometric ionic strength is
therefore appropriate for estimating the NH;/NH,* speciation. For this work, a salinity of
11.688 ppt was utilised. An 7 of 0.236 M and a pK,* of 9.274 was calculated.

19.9273 x S
= 3.4
1000 — 1.005109 x 5 G9
pK? = 0.1179(1) + 9.246 (3.5)
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Figure 3.3: Ionic strength vs. pK,® values. Data
points were obtained from Hampson (1977), and
plotted to provide a regression for calculating pK,*.
The linear regression line is shown. The linear re-
gression equation, y = 0.1179z + 9.246, was used
to calculate pK,®, where pK,® = y and I = x. This is
shown in Eq. 3.5.

Step 2: pK, as a function of temperature
Calculations by Fouad (1955) demonstrated the linear relationship between temperature (7))
and the hydrolysis of NH,* in salt solutions (pK,T). The linear equation is shown in Eq. 3.6.

pKI =18.915 — 0.0324(T) (3.6)

Whitfield (1974) deduced that, assuming data lines by Fouad (1955) were parallel to the
line defined by Eq. 3.6, it is possible to predict temperature effects in salt solutions from
experimental or calculated values at the relevant ionic strength at 25 °C (298 K) (Eq. 3.7). In
this thesis, a temperature of 28 °C (301.15 K) was used.

pKL = pK,(at 298 K) + 0.0324(298 — T) 3.7)

Step 3: pK, as a function of pressure
Finally, Whitfield (1974) deduced a linear regression equation describing the relationship
between pressure (P) and pK, (pK,") (Eq. 3.8). A pressure of 1 atm was used in this thesis.

pK!P = pK,(at 1 atm) 4 0.0415(P/T) (3.8)

Step 4: Integration
pK, can be calculated by the sum total of pK,* + pK," + pK,* (Eq. 3.9).

pK, = pK? + 0.0324(298 — T') + 0.0415(P/T) (3.9)

Integrating Eq. 3.9 into Eq. 3.3, NH; concentration can be calculated by Eq. 3.10, and the
percentage abundance of NH; and NH,* calculated respectively by Eq. 3.11 and Eq. 3.12.

[NH?)] — [NHg + NHZ]/l + 10(pKf+0.0324(2987T)+0.0415(P/T)7pH) (3.10)
[N H]

RN Hy = o v < 100 3.11)

%NH, = 100 — %N H, (3.12)
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3.6 Spectrophotometry

Throughout this thesis, optical density (OD) measurements using visible light spectropho-
tometry were utilised to characterise H. meridiana growth and dynamics. OD measurements
are based on the absorption of visible light. Specifically, the detection of light transmitted
through a material at a specified wavelength. A sample of suspended bacterial cells will scatter
light, thus reducing the amount of light detected in a spectrophotometer. A higher number of
bacterial bodies therefore correlate with a reduction of light detected. This is characterised by
a higher absorbance value, although light is technically scattered. The absorbance value given
is thereby proportional to bacterial density, and can be continually measured over a specified
time period to provide information on propagation and growth phases. An OD of 600 nm
(ODgg0) was chosen as this wavelength is not known to cause damage or hinder the growth of
bacteria.

The measurement of transmitted light is sensitive and can be affected by culture media
components. Each OD reading was therefore blanked with the specific solution used for
culture. All growth experiments were conducted in a 96-well plate with readings taken by a
BMG SPECTROstar Nano Microplate Reader at 28 °C. To examine growth limits, 190 pL of
a selected experimental solution was inoculated with 10 uL. overnight H. meridiana culture
to ODggp = 0.05 in a 96-well plate. Inoculation to ODgyy = 0.05 was chosen as this provides
a low, but still measurable, starting point for experiments. An initial cell density of ODggg
= 0.05 would be expected to exhibit a lag and log phase before reaching a stationary phase
and death phase, thus recording the full spectrum of growth dynamics. Positive controls were
190 uL yeast media inoculated with 10 puL overnight H. meridiana culture to ODgy = 0.05.
Negative controls were 200 puL yeast media with no inoculant. Experiments were conducted to
yield three standard microbiological growth parameters: lag phase duration, doubling time or
growth rate, and final OD. The calculation of these parameters are described in more detail in
each research chapter. These growth kinetics were utilised as a tool to define the limits of life
in ammonia by assessing bacterial health and proliferation.

3.7 Colony-forming units

In addition to OD, the viability of H. meridiana was also characterised throughout this work.
Cell viability was assesed by plating diluted bacterial samples onto agar plates made with
yeast media. A colony-forming unit (CFU) is formed when viable cells settle on the nutrient
agar plate and divide to form a visible colony. The number of visible colonies is therefore
directly proportional to the number of viable cells in the original sample, after accounting
for any serial dilution during the plating process. While bacterial density in the form of
OD is a useful methodology that provides insight into bacterial growth, it does not define
whether the bacterial cells are alive. Bacterial bodies do not need to be viable to scatter light.
This technique therefore allowed me to characterise cell death as a consequence of ammonia
exposure.

Additionally, standard microplate lids for 96-well plates utilised in spectrophotometry do not

provide an air-tight seal. In Chapter 4, I consider the growth of H. meridiana in a closer-air
growth system in which NH; cannot escape. For this, I utilised an air-tight falcon tube with
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sufficient head space for oxygen as the culture vessel. Transparent, air-tight seals that are gas
impermeable are available for microplates, however these would equally limit the exchange of
oxygen, essential for bacterial growth, as well as ammonia. In instances where bacteria were
grown under these closed-air environments, and thus could not be assessed in a 96-well plate,
bacterial growth was assessed by CFU at the end of a treatment condition. In all instances,
agar plates were stored at 28 °C prior to enumeration of colonies.

3.8 Untargeted metabolomic analysis

In Chapter 4 and Chapter 6, an untargeted metabolomics approach was employed. Metabolomics
offers an end-point biochemical snapshot not accessible through transcriptomic or proteomic
analyses. The untargeted approach was utilised to gain a broad overview of the H. meridiana
metabolome following exposure to different conditions: 0.25 M ammonia in yeast media, 0.5
M (NH,4),SO, in yeast media, yeast media adjusted to pH 10.18 with NaOH, and unamended
yeast media (control).

The metabolomics process is divided into three steps: (1) sample preparation, (2) metabolite
separation and detection, and (3) annotation and data analysis. The complete metabolomics
approach is detailed in Chapter 4 and Chapter 6, however the essential steps are summarised
here. In the first step, samples of H. meridiana were grown to and harvested at a defined ODg
of 0.5. To preserve the metabolomic response, further cellular metabolism was halted by
quenching. Samples were aliquoted into microcentrifuge tubes and quenched by rapid cooling
through submersion in a dry ice and 70% (v/v) ethanol bath. Surplus media was removed
through centrifugation. Extraction of metabolites was achieved by submerging H. meridiana in
ice-cold chloroform/methanol/water (1:3:1 ratio). The application of chloroform and methanol
disrupts the cell membrane through lipid interactions and precipitates proteins. Methanol and
water act to solubilise semi-polar and polar metabolites, while chloroform acts to solubilise
non-polar metabolites. Metabolites were separated from cell debris by centrifugation at 13,000
% g. A quality control (QC) sample mirroring the total metabolite diversity of the study was
created by pooling an aliquot of all samples.

The second step of metabolomics and a portion of the third step were carried out by the Edi-
nOmics research facility at the University of Edinburgh [RRID: SCR_021838]. In the second
phase, metabolites were separated by their chemical properties using ultra high performance
liquid chromatography (UHPLC) to reduce complexity and signal overlap. Metabolites were
subsequently analysed by ion mobility (IM) quadrupole time-of-flight (TOF) mass spectrom-
etry (MS) using electrospray ionization (ESI). ESI ionizes intact metabolites by adding or
removing protons, allowing their detection as charged species. lons passed firstly through the
IM cell. The IM component of MS consists of an internal environment filled with gas under
an electric field. The travel time of ions through the IM spectrometer defines the drift time. As
drift time is dependent on the size, shape and charge of an ion, the effective size and shape of
1ons is also characterised. This is known as the collision cross section, and is measured based
on how ions interact and collide with gas molecules while travelling through the IM cell.

The ions then travel through the quadrupole mass analyser and the TOF flight tube containing
a detector. The quadrupole component filters ions through an electric field that only permits
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the travel of ions with certain mass-to-charge ratios (m/z), thus determining the mass and
charge of ions. The TOF component measures the time taken for an ion to reach a detector
from an ion source. TOF depends on both the ion’s mass (i.e., heavier ions travel slower)
and charge (i.e., ions with higher charge accelerate faster through the electric field), and thus
indirectly infers the m/z value. The m/z is utilised to derive the accurate mass (i.e., the exact
mass of an ion) and precise mass (i.e., the consistency of mass measurements across repeated
analyses). In this process, the QC sample was injected at the beginning of the experiment and
after every five test samples. Since the QC composition is constant, any changes in signal over
time can be attributed to instrumental drift or technical variation, not biological difference. Re-
peated processing of the QC allows technical variation to be monitored and corrected if needed.

Chemical data retrieved from MS was subsequently processed to annotate metabolites. As
multiple ions were measured simultaneously in a multiplexed approach, data was demulti-
plexed using the PNNL PreProcessor software. Accuracy and consistency in the mass and
drift time data was ensured by recalibration against known reference compounds using the
AgtTofReprocessUi and IM-MS Browser 10.0 in the Agilent MassHunter software suite.
Molecular features including retention time in UHPLC, drift time and accurate mass in MS
were extracted and grouped using the Agilent MassHunter Mass Profiler 10.0 to begin building
a profile of individual ions. Metabolites were identified using the McLean CCS Compendium
PCDL library 80, an online tool that matches molecular features of accurate mass and collision
cross section to known compounds in the library.

With the annotated list of metabolites, I then carried out a comparative analysis of metabolites
across the different treatment conditions. The annotated list of metabolites were uploaded
to the MetaboAnalyst 6.0 web-based platform. Data was log-transformed and Pareto-scaled.
Log transformation reduces data skewness and improves normality. Pareto-scaling normalizes
data by reducing, but not eliminating, the dominance of variables with large variance. Unlike
auto-scaling which equalizes variance, or mean-centring which retains the original variance
scale, this preserves metabolites with naturally large variation. This often occurs naturally
in living systems. Pareto-scaling also prevents variables with smaller variance from being
overshadowed. The metabolite data was then subjected to multivariate (principal component
analysis, heatmap) and univariate (ANOVA, volcano plots, box and whisker plots) statistical
analysis. The raw metabolomics dataset associated with Chapter 4 and Chapter 6 is publicly
available on GitHub [https://github.com/cmhopton/Metabolomics.git].

3.9 Transmission electron microscopy

Transmission electron microscopy (TEM) was utilised in Chapter 4 and Chapter 6 to explore
the ultrastructural changes in H. meridiana associated with aqueous ammonia and (NH4),SOy4
exposure. As cells can be sectioned in TEM and the internal structures analysed, this phe-
notypic data was used to inform ammonia toxicity and adaptation mechanisms, and support
the metabolomics data. In Chapter 4, overnight cultures of H. meridiana were pelleted by
centrifugation at 5,000 x g and resuspended for 2 h in one of the following solutions: 1 M
aqueous ammonia in yeast media, yeast media adjusted to pH 10.78 with NaOH, or unamended
yeast media (control). In Chapter 6, H. meridiana grown in 0.5 M (NH4),SO, in yeast media
and unamended yeast media were harvested prior to metabolomics processing. H. meridiana

41



Methodology

was separated from the aqueous (NH,4),SO,4 growth media by centrifugation at 5,000 x g
followed by removal of supernatant.

The procedure in both Chapter 4 and Chapter 6 proceeded as follows. Cell pellets were
washed with and resuspended in phosphate buffered saline (PBS). PBS is a non-toxic isotonic
solution that maintains a stable osmotic environment, thus preventing cell rupture, while also
cleansing cells of unwanted material such as remaining culture media. H. meridiana were
centrifuged at 5,000 x g and PBS supernatant removed, followed by resuspension of the pellet
in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.3. Glutaraldehyde preserves
cell structure by cross-linking proteins. Sodium cacodylate was utilised to stabilize pH and
maintain osmotic balance. H. meridiana was stored in glutaraldehyde fixative until further
processing for TEM.

The following procedures were carried out by Steve Mitchell within the TEM facility, School
of Biological Sciences, University of Edinburgh. Specimens of H. meridiana were washed
in 0.1 M sodium cacodylate for 10 minutes to remove excess fixative. This was repeated in
triplicate. The membrane of H. meridiana was stabilised and stained using 1% osmium tetrox-
ide in 0.1 M sodium cacodylate for 45 minutes. Osmium tetroxide preserves cell structure by
cross-linking lipids. Osmium tetroxide also reacts with fatty acid double bonds; this process
reduces osmium tetroxide and deposits metallic osmium into the cell, increasing the electron
density of cell structures.

Long-term preservation of cell structure was achieved by embedding samples in resin, which
also creates a solid matrix for ultra-thin sectioning. As resin is hydrophobic and immiscible
with water, the water contents within H. meridiana cells were firstly removed by replacement
with ethanol in a gentle, gradual process. This involved application of 50%, 70%, 90% and
then 100% ethanol three times for 15 minutes each. This was followed by two 10-minute
changes in propylene oxide. Propylene oxide is miscible in both ethanol and resin and therefore
acts as a transition solvent between these stages. Following embedment in resin, thick sections
of preserved H. meridiana were cut using a Leica Ultracut ultramicrotome. The sections were
stained with toluidine blue, and areas of interest identified under a light microscope. From the
identified areas, ultra-thin 60 nm sections were cut and stained with uranyl acetate and lead
citrate. Uranyl acetate stains nucleic acids and proteins, while lead citrate stains membranes,
nucleoli, cytoplasmic proteins, granules and ribosomes, increasing the electron density of
these structures.

The fixed, stained and sectioned H. meridiana specimens were subsequently imaged by myself
using the JEOL JEM-1400 Plus TEM. Images were collected on a GATAN OneView camera
at 4K resolution. Ultra-thin sections are required for TEM as this technique operates by
penetrating electrons through samples; electrons do not penetrate well through thick samples.
TEM relies on an electron gun, electromagnetic lenses, sample, electron interaction and a
detector.

Firstly, the cathode electron gun emits a beam of high energy electrons which are accelerated

in vacuum into a focused beam using an anode. The positive charge of the anode attracts and
accelerates the negatively charged electrons emitted from the cathode. The beam of electron is
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focused by a series of electromagnetic condenser lenses which control beam illumination. The
beam is narrowed to a fine point by a condenser aperture before interacting with the sample
specimen. The sample is placed within the beam path.

As the electron beam passes through the sample, electrons are scattered by the electron-dense
materials and transmitted through the less electron dense regions. The scattered and transmitted
electrons are collected and focused by a further series of electromagnetic lenses (i.e., the
objective lens, intermediate lens and projector lens) to a detector. These lenses form the
initial magnified image of the sample (objective lens), further magnify and position the image
(intermediate lens), and project the final, magnified image onto the detector (projector lens). A
greyscale image is formed from electron-dense structures (dark) and electron-light structures
(bright) that are captured on a fluorescent screen (for manual, real-time observation) and a
CMOS digital detector—the GATAN OneView camera. Although TEM sample processing
was primarily conducted by Steve Mitchell, I, Cassie Hopton, was responsible for identifying
ultrastructural areas of interest, capturing images, and processing images using the image
processing program Image].
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4.1 Introduction

Icy moons Enceladus and Titan are predicted to contain aqueous ammonia oceans (Lunine
and Stevenson, 1987, Glein and Truong, 2025). A higher relative abundance of NH; to NH,*
is estimated as driven by the high pH of the oceans (Marion et al., 2012, Brassé et al., 2017,
Leitner and Lunine, 2019, Glein and Truong, 2025). NH; readily permeates cell membranes
in an unregulated manner that induces significant intracellular damage (Ritchie and Gibson,
1987a,b, Brazier, 2016). NHj is also a weak base that can increase both the external and
internal pH of the cell environment (Vines and Wedding, 1960, Taglicht et al., 1987, Horie
et al., 1995, Rose et al., 2005). The presence of NHj in these oceans may therefore limit the
potential for habitability. While the presence of life within the subsurface oceans of icy moons
is only speculative, the potential for habitability can be assessed by establishing the limits of
terrestrial life in ammoniacal waters. Thus, in this chapter, the potential for habitability in icy
moon and Earth environments was assessed by characterising the limits of life in ammoniacal
solutions with a high relative abundance of NH;. The growth, survival limits and physiological
response of an extremophile, Halomonas meridiana, were characterised in ammonia under
two culture systems: a ‘closed-air’ culture, where all ammonia was retained, and an ‘open-air’
culture, permitting escape of NHj3 and gradual reduction of ammonia concentration. These
systems were utilised as ammonia is presumed to be retained at a constant concentration
in the oceans of icy moons (closed-air). However, open-air dispersal could be relevant if
cryovolcanic expulsion diminishes ammonia concentrations over time. The open-air system is
also relevant to terrestrial environments where NHj can readily disperse into the atmosphere.
The pH of all ammonia solutions was unmodified; this was to ensure only pure ammonia-water
solutions were used. This also maintained a broad spectrum of pH ranges in line with the
variable pH ranges characterised for icy moons and high pH soils on Earth. As to provide
a comprehensive understanding of the limits of habitability exerted by ammonia, this paper
also deconvolutes whether the toxicity of ammonia is based upon an intrinsic rise in external
aqueous pH, as indicated in many neutrophilic bacteria (Deal et al., 1975, Kelly et al., 2012).
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Ammonia sets limit to life and
alters physiology independently of
pH in Halomonas meridiana

Cassie M. Hopton'"?, Peter Nienow? & Charles S. Cockell*

The subsurface oceans of icy moons, expected to retain appreciable concentrations of ammonia, are
of significant interest to astrobiology. On Earth, ammonia is released in large quantities, primarily
through anthropogenic activities. Ammonia is toxic to many forms of life at high concentrations, and
thus it is necessary to understand the habitability impact of ammonia on these environments. The
survival limits and physiological response of aerobic bacteria in ammonia, and whether ammonia
toxicity is distinct from toxicity by high pH, is poorly understood. Here, we investigate the survival
thresholds, growth kinetics, and metabolomic response of Halomonas meridiana in ammonia-

water solutions and pH-matched sodium hydroxide solutions. Using closed- and open-air systems
to mimic environments with NH, retention or dispersion, we found complete and partial cell death
above 0.05 M ammonia, respectively. In open-air systems, a sub-set of cells survived up to 0.25 M
ammonia; metabolomics revealed unique physiological responses to ammonia, including elevation
of cyclic compounds and Coenzyme A metabolites, suggesting mechanisms of ammonia toxicity
and adaptation. Ammonia and high pH toxicity were found to be distinct. These findings show

that ammonia can impose a distinct geobiological limit, potentially constraining the habitability of
ammonia-rich terrestrial and extraterrestrial environments.

Ammonia (hereafter considered as total ammonia, ammonia (NH,) +ammonium (NH,*)) is a primordial
molecule, formed in the early universe and found abundantly in various environments including Earth’s early
atmosphere and on other celestial bodies within the solar system!->. Terrestrially, ammonia plays a critical role
in the synthesis of amino acids and nucleic acids*’, and has an integral role in the global nitrogen cycle®’.
Yet, despite biochemical significance, the toxicity of NH, has been well-documented across the domains of
life®-!!, NH, is gaseous under temperate conditions. The small size and unchanged nature of NH, facilitates
passive permeation through membranes'?-'%, causing significant intracellular disruption'®-'%, The equilibrium
between NH? and NH_* is influenced by factors such as pH (with NH, predominating at pH >9.25), salinity and
temperature’®-2!,

Mono Lake, California, underscores the role of NH, in shaping microbial ecosystems; depth-dependent
shifts in biodiversity are driven by the spatial distribution of abiotic factors including ammonia, which is
predominately in the NH, form®»?*. This becomes relevant when considering the habitability of NH,-rich
environments. Ammonia has been detected at a volume mixing ratio of 0.4-1.3% on the icy moon Enceladus,
orbiting Saturn?*?*. The evidence of a saline, liquid water subsurface ocean’®?’, and other physicochemical
conditions suitable for life’®-*°, has encouraged strong astrobiological interest in this satellite. With a pH
predicted at or above 9*°-*', the ocean of Enceladus would bear appreciable amounts of toxic NH,. Due to the
limited research on NH, tolerance in bacteria, coupled with the presence of carbon dioxide and hydrogen in the
ocean, habitability assessments of Enceladus are currently limited to methanogenic organisms®>-34,

The habitability impacts of ammonia are also relevant terrestrially. Globally, several dozen tetragrams of
ammonia are released annually from agriculture®*®. Ammonia deposition into soil, water and vegetation occurs
as a consequence®’~*, In alkaline soils (pH > 7), application of ammonium fertilizers leads to NH, volatilization.
Indeed, applied nitrogen losses of up to 66% have been recorded in alkaline soils as a result of ammonium fertilizer
application®*-*2, Although toxicological effects are presumed, the downstream impact of NH, volatilization on
microbial diversity and community structures in alkaline environments, where the relative abundance of NH,
exceeds NH 4> is not well understood.

To accurately assess the habitability impacts of ammonia, fundamental questions remain. Few studies have
systematically investigated the survival limits or physiology of microorganisms under NH, stress, where both

1UK Centre for Astrobiology, School of Physics and Astronomy, University of Edinburgh, James Clerk Maxwell
Building, Peter Guthrie Tait Road, Edinburgh EH9 3FD, UK. 2School of Geosciences, University of Edinburgh,
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the concentration and relative abundance of NH, is high. Bacteria such as Bacillus pasteurii can grow in up to
0.5 M NH,*, although it is noted this species can utilise ammonia for ATP generation**, substrate permeability**
and oxidation of substrates*®. Ammonia-oxidising bacteria (AOB) can metabolise both NH, and NH,* and
can survive in up to 0.5 M ammonia at pH 6**%, but the concentration of NH, in these solutions is minimal
(NH,=0.05%, < 0.00025 M). Without specific adaptations, toxicity at 0.1 M ammonia (pH 9.5, NH, >50%)
has been observed in B. subtilis and Escherichia coli. However, similar toxicity was noted in sodium chloride
solutions of matching pH*°. The use of neutrophilic organisms has thus far limited our understanding of whether
ammonia toxicity is intrinsically pH-based. There is compelling need for research examining the survival limits
and physiological response of an alkaline adapted bacteria in ammonia solutions exceeding pH 9.25 (NH, > 50%)
and comparing with a pH matched counterpart.

Here, we use a combination of growth kinetics and cell viability assays to identify habitability limits of
Halomonas meridiana Slfthl in ammonia solutions with high NH, content. This organism lacks specific
adaptations to ammonia®, but possesses alkalitolerant traits relevant for this investigation®'. We utilise
growth systems permitting (“open-air system”) or preventing (“closed-air system”) gaseous escape to mimic
environments where NH, is environmentally dispersed and retained, respectively. By using an alkaline adapted
organism, we resolve that ammonia toxicity is independent from pH toxicity and, using microscopy and
metabolomics analysis, define the specific toxicity effects of ammonia on bacterial physiology independent
of pH. Together, these findings advance the understanding of ammonia toxicity and should foster improved
habitability assessments of NH,-rich environments.

Results

Physicochemical properties of ammonia and pH-matched solutions

Ammonia solutions were prepared from liquid ammonia to molar concentrations of 0.01, 0.025, 0.05, 0.1, 0.25,
0.5 and 1 M, equating to pH values between 8 and 11 (Fig. 1a). Positive control (PC) was unamended yeast
media. The percentage abundance of NH, to NH,* at these concentrations and pH values is given in Fig. 1b.
From concentrations of 0.05 M ammonia and higher, NH, accounts for over 50% of the total NH3/NH4+ in
solution. Solutions of increasing ammonia concentration showed decreased oxygen concentrations; however,
this decrease was non-significant from pH-matched counterparts (Fig. 1c). Alterations to water activity with
increasing ammonia and pH were also statistically non-significant (Fig. 1d).

Ammonia sets a distinct molarity threshold for viability and growth

Bacteria were grown in ammonia solutions utilising two system types: a ‘closed-air’ system - to determine
growth limits in a perpetually ammonia exposed environment, and an ‘open-air’ system - to determine growth
limits in an environment permitting NH, dispersal following volatilization. Figure 2a shows the final colony
forming units of H. meridiana after incubation in the closed-air system for 72 h. The closed-air system utilised an
air-tight falcon tube for culture that was presumed to maintain constant ammonia concentrations by retention
of both aqueous and volatilized ammonia. Colonies were evident following incubation in 0.01 M, 0.025 M and
0.05 M ammonia, but colony number decreased as NH, increased relative to NH,* (Fig. 1b). A lower number
of viable colonies compared to positive control was observed in 0.01 M ammonia (p<0.01). No significant
difference in colony number was observed when H. meridiana was incubated in 0.025 M compared to positive
control (p=0.056) or 0.01 M ammonia (p=0.323). This concentration of ammonia has a pH within the optimum
range for H. meridiana (pH 9) (Fig. 1a). Lower viable cell numbers were observed when incubated in 0.05 M
compared to positive control (p<0.0001) and 0.025 M ammonia (p<0.01). No viable colonies were present
following incubation in 0.1 M ammonia or ammonia solutions of higher concentration (Fig. 2a).

Figure 2b shows the growth dynamics of H. meridiana Slthfl over 48 h in increasing concentrations of
ammonia in an open-air system. Lag phase duration, doubling time (7)) and final OD are presented in Fig. 2c-
e, respectively, extrapolated from Fig. 2b of the open-air system. At concentrations exceeding 0.01 M ammonia,
lag phase was greater with higher ammonia concentrations; incubation in 0.1 M and 0.25 M ammonia prolongs
lag phase time by 6-fold and 25-fold compared to the positive control, respectively (Fig. 2¢). The lag phase time
in 0.1 M ammonia was higher than that in 0.05 M ammonia (p <0.05). Likewise, the lag phase time in 0.25 M
ammonia was higher than that in 0.1 M ammonia (p<0.0001) (Fig. 2c). T, was also higher with increasing
ammonia concentration, with higher T, compared to the positive control observed in 0.05 M (p<0.05), 0.1 M
(p<0.0001) and 0.25 M (p<0.0001) solutions (Fig. 2d). The T, was not significantly altered between positive
control and 0.01 M (p=0.965) or 0.1 M and 0.25 M solutions (p=0.9972). Final OD, after 48 h growth showed
no statistical difference from positive control in 0.01 M (p=0.932), 0.025 M (p=0.330), 0.1 M (p=0.248) and
0.25 M solutions (p=0.135), but higher OD, ) values were observed in 0.05 M compared to the positive control
(p<0.01) (Fig. 2e). Cell density was lower in 0.5 and 1 M solutions compared to the positive control (0.5 M,
p<0.01;1 M, p<0.001) (Fig. 2e), where no distinguishable growth occurred within 48 h (Fig. 2b).

In Fig. 2b, ammonia appeared to extend lag phase in 0.1 M and 0.25 M ammonia cultures. Onset of the
log phase following extended lag phase could indicate an inhibitory, bacteriostatic influence of ammonia that
had diminished over time possibly due to NH, volatilization and dispersal from the culture solution. However,
as the optical density at the lag phase (<0.05) was below the detectable limit, it is possible cell death events
occurring during this period were not adequately represented in the data. Thus, a bactericidal effect whereby
cell numbers were reduced and gradually repopulated to numbers that were detectable by optical density could
not be ruled out. To deconvolute bacteriostatic and bactericidal effects of ammonia, cell viability within lag
phase and early log phase relevant time points were performed in 0.1 M and 0.25 M ammonia culture solutions.
Relevant time points align to 0, 4 and 8 h for 0.1 M ammonia solutions, and 0, 4, 8, and 16 h for 0.25 M ammonia
solutions. Additionally, ammonia concentrations were measured over these time points to identify whether NH,
volatilization and dispersal correlated with growth initiation. The results for 0.1 M and 0.25 M cultures are
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Fig. 1. Properties of ammonia and pH-matched solutions utilised in this study. (a) Molar levels of ammonia
and corresponding pH values utilised in this study. The positive control (PC) corresponds to growth in
unamended yeast media (0 M ammonia) without pH modifications. Column heights and error bars represent
mean *s.d. (n=4). (b) Calculated percentage abundance of NH,/NH,* in molar levels of ammonia utilised in
this study. (c) Oxygen concentration and (d) water activity of ammonia and pH-matched solutions utilised in
this study. The upper limit, middle line and lower limit of the boxplots indicate the 25th, 50th (median) and
75th percentiles, respectively. Whiskers represent 1.5x the interquartile ranges. Mean is indicated by a plus sign
(+) (n=4). Alterations to oxygen concentration and water activity were found to be non-significant between all
ammonia and pH-matched counterparts. Significance is given by unpaired two-tailed t-tests or Mann-Whitney
test at each pH. The statistical tests and outcomes are available in Supplementary Table 1.

presented in Fig. 2f and 2g, respectively. After 4 h exposure, viable cells in 0.1 M ammonia showed a 1000-fold
decrease from 0 h (t=28.28, df=4, p<0.0001) (Fig. 2f). In 0.25 M ammonia, viable cells at 4 h were reduced
10-fold from 0 h (£=6.499, df=4, p<0.01) (Fig. 2g). Bactericidal reduction to cell populations within 0.1 M
ammonia solutions cease between 4 h and 8 h, where a small but non-significant increase in cell viability was
observed (t=2.421, df=4, p=0.0727) (Fig. 2f). Likewise, bactericidal effects were absent between 4 h and 8 h in
0.25 M ammonia solutions where cell numbers stabilised (t=0.8934, df=4, p=0.442) and increased from 8 h to
16 h (t=11.76, df=4, p<0.001) (Fig. 2g). The increase in cell viability within 0.1 and 0.25 M ammonia solutions
at 8 h and 16 h, respectively, aligned with diminished ammonia levels to <0.05 M at 4 h and 13 h, respectively
(Fig. 2f, g). Thus, lag phase extension in the open-air system reflects two events: (1) an immediate bactericidal
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effect and (2) growth initiation after ammonia levels drop to sub-bactericidal levels (<0.05 M) in surviving
populations.

Ammonia toxicity is independent from pH toxicity
Ammonia is a weak base that raises solution pH with increasing concentration. To delimitate ammonia toxicity
from pH toxicity, growth experiments were repeated in NaOH solutions pH-matched to ammonia solutions.
Figure 3a presents the final CFU/mL of H. meridiana in pH-matched solutions following 72 h closed-air system
incubation. No significant differences were observed between cells grown in positive control and pH-matched
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«Fig. 2. Survival limits of H. meridiana in ammonia. (a) CFU/mL of H. meridiana grown in ammonia
solutions at 0 (PC), 0.01, 0.025, 0.05 and 0.1 M in a closed system for 72 h. The positive control (PC)
corresponds to growth in unamended yeast media (0 M ammonia) without pH modifications. Column heights
and error bars represent mean £ s.d. (n=3). Statistical significance is by one-way ANOVA with Tukey’s multiple
comparison test (F (4, 10) =27.70, p <0.0001). (b) Growth curve of H. meridiana over 48 h in increasing
ammonia concentrations. Growth curves represent mean OD600 values over time+s.d. (0-0.5 M, n=4;1 M,
n=3). Error is indicated by area fill within error bands. Growth parameters of lag phase (c), doubling time
(T,) (d) and final OD, at 48 h (e) extrapolated from (b) are presented. Box plots represent the median
as well as the 25% and 75% interquartile ranges. The whiskers represent 1.5x the interquartile ranges. Plus
sign (+) indicate the mean and the middle line indicate the median. Welch’s ANOVA with Games-Howell’s
multiple comparison test was used in (c) W (3.000, 5.965) =218.6, p<0.0001) and (e) W (7.000, 9.736) =7919,
p<0.0001). Statistics in (d) correspond to one-way ANOVA with Tukey’s multiple comparison test (F (5,
18)=14.79, p<0.0001). (f, g) Time series of ammonia molarity and cell viability (CFU/mL) during the lag
phase and early growth of cultures grown in 0.1 (f) and 0.25 M ammonia (g). The relevance to data points in
Fig. 2b is indicated. Ammonia molarity is plotted as a line graph with blue diamond markers on the left axis.
Molarity at 0.05 M is indicated by a dotted line. Cell viability is plotted as a column bar graph on the right axis.
Line and column heights represent mean +s.d. (n=3). For cell viability, statistical difference between means is
given by unpaired t-test. ns, no significance; *, p <0.05; **, p <0.01; ***, p<0.001; ****, p<0.0001.

solutions up to pH 10.78 (equivalent to 1 M ammonia), with exception of cells grown in pH 10.18 where cell
number was higher (p<0.05). The outcome of the statistical analyses are available to view in Supplementary
Table 2. Figure 3b presents the growth curve of H. meridiana grown under pH-matched NaOH solutions in
an open-air system, with extrapolated parameters of lag phase (Fig. 3c), T, (Fig. 3d) and final OD, (Fig. 3e)
presented in Log, fold changes (Log,FC) from growth in ammonia solutions of the same pH. For cells grown
in pH 8.05 and 0.01 M ammonia, there was a non-significant difference between lag phase duration (U=38,
p>0.999), T, (t=1.55,df=6, p=0.171), and final OD, (¢=0.798, df =6, p=0.456). But, significantly altered lag
phases, T, and final OD,, were observed for higher pH and ammonia values. Lower lag phases were observed
in cells grown in pH 8.96, pH 9.38, pH 9.73 and pH 10.18 compared to those grown at 0.025 M (t=4.399, df=3,
p<0.05), 0.05 M (¢=11.26, df=3, p<0.01), 0.1 M (t="7.663, df=3.02, p<0.01) and 0.25 M ammonia (£=29.05,
df=3.05, p<0.0001) (Fig. 3c). T, was significantly lower for cells grown in pH 8.96 (t=2.453, df=6, p<0.05),
pH 9.38 (1=4.235,df=6, p<0.01), pH 9.73 (U=0, p<0.05), and pH 10.18 (¢=2.532, df=6, p < 0.05) compared to
ammonia counterparts (Fig. 3d). Final OD, at 48 h was lower in NaOH pH 8.96 (t=4.577, df=3, p<0.05), pH
9.38 (t=7.914, df=6, p<0.001), pH 9.73 (t=2.786, df=6, p<0.05) and pH 10.18 (t=5.173, df=6, p<0.01) than
to growth in ammonia counterparts. Higher OD,j was observed in pH 10.49 (¢=16.09, df=3.01, p<0.001) and
pH 10.78 solutions (t=15.59, df=3.12, p<0.001) compared to ammonia counterparts (Fig. 3e), indicating lag
phase extension and absent growth in 0.5 and 1 M ammonia could not be attributed to pH increases.

To broaden the pH comparison beyond NaOH, lag phase analysis was used to explore whether the prolonged
lag phase in 0.25 M ammonia (Fig. 2c) could be replicated in KOH, Na,SiO,, K,CO,, and Na,CO, at pH
10.18 (Fig. 3f). No differences in lag phase duration were observed between H. meridiana grown in Na,SiO
(p=0.779) or Na,CO, (p=0.996) compared to NaOH. Longer lag phases were seen in KOH (p <0.05) and K,CO,
(p<0.0001) compared to NaOH, possibly reflecting reduced adaptation to potassium in H. meridiana. All high
pH cultures showed a significantly shorter lag phase than 0.25 M ammonia cultures (p <0.001), confirming the
pH-independent toxicity of ammonia.

Ammonia toxicity exerts distinct changes to bacterial morphology

Specific bactericidal effects of ammonia on cells can be observed in Fig. 4. Under control growth conditions
(unaltered yeast media) (Fig. 4a-b), H. meridiana exhibited ribosome-rich cytoplasm, visible nucleoids and
clear division of outer membrane, periplasm and inner membrane. Cells exhibited irregular, undulating outer
membrane, an enlarged periplasmic space and PHA-like granules. Upon 2 h treatment of 1 M ammonia (Fig. 4c-
d), cells showed intracellular aggregation and loss of ribosomes with some showing cytoplasmic loss and lysis.
The periplasmic space volume decreased, and detachment of the inner membrane from the outer membrane
was observed. Cells showed expansion of electrolucent cavities, possibly surrounding nucleoids. Condensed
material within the electrolucent cavities exhibited splayed morphologies, possibly indicating disruption to
DNA supercoiling. Cells exposed to a NaOH solutions pH-matched to 1 M ammonia (10.78 pH) also showed
some cell lysis events (Fig. 4e-f). However, there were few morphological differences from cells grown in control
media. Differences include uniform outer membrane, and fewer PHA-like granules.

Metabolic pathways altered in response to ammonia and high pH exposure

The survival of cells in up to 0.25 M ammonia in an open-air system suggests adaptations enabling tolerance
to ammonia. Untargeted metabolomics was performed on H. meridiana in unamended yeast media (hereafter
denoted ‘control’) and yeast media with 0.25 M ammonia at pH 10.18 (hereafter denoted ‘0.25 M ammonia)
to determine variations in metabolism that may account for the differences observed. To delimitate high pH
adaptations from ammonia adaptations, metabolomics was also performed following exposure to yeast media
adjusted to pH 10.18 with NaOH (hereafter denoted ‘NaOH pH 10.18’). Growth kinetics and sampling points
in these conditions are indicated in Fig. 5a. Principal component analysis (PCA) (Fig. 5b) separated 0.25 M
ammonia and NaOH pH 10.18 conditions from the control, with overlap between 0.25 M ammonia and
NaOH pH 10.18 conditions indicating metabolic similarity. Univariate volcano analysis identified 23 features
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significantly altered in 0.25 M ammonia/control (Fig. 5¢), 10 features significantly altered in 0.25 M ammonia/
NaOH pH 10.18 (Fig. 5d), and 28 features significantly altered in NaOH pH 10.18/control (Fig. 5e). The volcano
analysis dataset for each comparison group is shown in Supplementary Tables 4-6.

The most significantly altered metabolites between these conditions were identified by ANOVA
(Supplementary Table 7), depicted as a heatmap (Fig. 5f). Overall, high similarity was found between 0.25 M
ammonia and NaOH pH 10.18 exposed samples; both conditions generally exhibited higher levels of unsaturated
phospholipid and lower levels of linoleic acid and derivatives. Intermediates that feed glycerophospholipid
biosynthesis, CMP-sialic acid (F=2021.9, p<0.0001) and glycerol-3-phosphate (F=2022.2, p<0.0001), were
more abundant compared to the control. Amino acid pathway intermediates indole-3-ethanol (F=2327.8,
p<0.0001), N, N-dimethylglycine (F=30.626, p<0.001) and N-acetylglutamate (F=25.653, p<0.01) were also
altered compared to control. There were reduced levels of N-acetylserotonin (F = 18876, p <0.0001) and N-acetyl-
L-aspartic acid (F=24.091, p<0.01) that could suggest reactions with acetyl donors were less favourable at high
pH in both conditions.
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«Fig. 3. Growth of H. meridiana in NaOH pH-matched solutions. (a) CFU/mL of H. meridiana grown in a
closed system for 72 h with solutions of increasing pH that pH-match ammonia solutions of 0 (PC, pH 6.06),
0.01 (pH 8.05), 0.025 (pH 8.96), 0.05 (pH 9.38), 0.1 (pH 9.73), 0.25 (pH 10.18). 0.5 (pH 10.49) and 1 M (pH
10.78). The positive control (PC) corresponds to growth in unamended yeast media (0 M ammonia) without
pH modifications. Column heights and error bars represent mean +s.d. (n=3). Statistical significance is by
one-way ANOVA with Tukey’s multiple comparison test (F (7, 16) =5.292, p<0.01). (b) Growth curve of H.
meridiana over 48 h grown in NaOH solutions of increasing pH. Growth curves represent mean OD, values
over time+s.d. (n=4). Error is indicated by area fill within error bands. Growth parameters of lag phase (c),
doubling time (T ) (d) and final OD, at 48 h (e) extrapolated from (b) are presented as Log, fold change (FC)
values comparing pH/ammonia. Statistics correspond to unpaired two-tailed t-tests and non-parametric tests
comparing the data for lag phase, T, and final OD at each pH condition to the corresponding ammonia
molarity. Statistical tests are detailed in Supplementary Table 3. Column heights and error bars represent
mean +s.d. (n=4). (f) Box plots comparing the lag phase of H. meridiana grown in different pH-matched
solutions at pH 10.18. Box plots represent the median as well as the 25% and 75% interquartile ranges. The
whiskers represent 1.5x the interquartile ranges. The plus signs (+) indicate the mean and the central line
indicate the median (n=4). Welch’s ANOVA with Games-Howell’s multiple comparison test was used (W
(5.000, 8.089) =170.4). ns, no significance; *, p <0.05; **, p<0.01; ***, p<0.001; ****, p <0.0001.

Ammonia exposure elicits a unique metabolomic response

Despite general similarities between cells exposed to 0.25 M ammonia and NaOH pH 10.18, ANOVA indicated
five metabolites significantly altered only in 0.25 M ammonia cultured H. meridiana. Box plots of these
metabolites are presented in Fig. 6a-e. Samples exposed to 0.25 M ammonia showed significantly higher levels
of unidentified metabolites, metabolite i at m/z=215.084 (Fig. 6a) and metabolite ii at m/z=157.0973 (Fig. 6b),
compared to NaOH pH 10.18 exposed samples (metabolite i, p <0.0001; metabolite ii, p <0.0001) and control
samples (metabolite i, F=2112.3, p <0.0001; metabolite ii, F=4865.6, p <0.0001). Library annotations matched
metabolite i to nitrogen-containing heterocyclic compound atrazine (89.6% Q score) and metabolite ii to
hydrocarbon 2,7-dimethylnaphthalene (96.5% Q score). Structures of atrazine and 2,7-dimethylnaphthalene are
depicted in Fig. 6a and b, respectively. Univariate analysis also revealed exposure to 0.25 M ammonia increased
the relative abundance of pantothenate (F=28.839, p<0.001) (Fig. 6¢), and amino acids D-allo-isoleucine
(F=28.686, p<0.001) (Fig. 6d), and alanine (F=25.391, p<0.01) (Fig. 6e), compared to those in NaOH pH
10.18 and control conditions.

Discussion

The influence of ammonia on habitability, particularly to microbes, is underrepresented in scientific literature.
Yet, the pollution of ammonia into the environment could shape the underlying microbial community structures
and biodiversity of alkaline environments. The presence of ammonia within the subsurface ocean of Enceladus,
predicted at an alkaline pH, may also shape the habitability expectations of this satellite. Although the presence
of life beyond Earth is speculative, terrestrial organisms can be utilised to explore the boundaries of known life
under similar conditions to assess potential for habitability. In this study, we utilise alkalitolerant and halophilic
H. meridiana as an analogue organism to investigate the molar concentration thresholds for survival, and
physiological changes, that might be present in aerobic bacteria within extreme NH, environments.

The exposure of H. meridiana to increasing ammonia concentrations revealed that growth at 0.05 M
ammonia, where the relative abundance of NH, is 62%, sets a consistent habitability limit for H. meridiana
regardless of whether in a closed-air or open-air system. The tolerance of microbes to ammonia varies and
cannot be predicted by genus or species alone; strain-specific responses to stress have been well documented?-%".
The molarity limit established in this study aligns with data for other bacteria, including B. subtilis strains T1,
T2, T19, T22, T33, T39* and Enterobacter cloaecae HNR'®, but is lower than the absolute limit for ammonia
survival in literature which extends to above 0.716 M (NH4)ZSO4 at pH 9, correlating to above 0.5 M NH,,
survived by strains of B. pumilus and B. pasteurii*>. Specific ammonia adaptations may support the survival of B.
pasteurii in such concentrations**~*¢. The relative abundance of NH, to NH,* in these studies is below 40%. We
define an NH,-rich solution as one where NH, exceeds natural environmental concentrations for ammonia (> 6
ppm, assessed by the Agency for Toxic Substances and Disease Registry)*®, and where the relative abundance of
NH, exceeds NH,*. Our results characterise a habitability limit of 0.05 M in an ammonia solution that can be
considered NH,-rich by this definition (550 ppm, NH,/NH,* = 62%), which has not been previously reported
for an aerobic bacterium.

Independent ammonia and pH toxicity has been characterised in E. coli*, yet indistinguishable toxicity
has been recorded with B. subtilis, Sporosarcina, Paenibacillus, Staphylococcus, Brevibacillus, Streptomyces,
Pseudomonas and Arthrobacter®®. Using an alkalitolerant organism, we establish ammonia toxicity is distinct
from pH toxicity in H. meridiana and does not exert toxicity via oxygen displacement or water activity changes.
However, the degree of similarly between the metabolomic profiles of cells exposed to 0.25 M ammonia and a
pH-matched NaOH solution indicates H. meridiana primarily responds to ammonia using high pH adaptations.
Unique physiological responses toammonia in H. meridiana included the accumulation of two cyclic compounds,
metabolite i and ii, the former of which bore amine functional groups. The presence of these compounds may
be indicative of intracellular NH,-driven reactions®®. The disruption of such structures to cellular components
could be a mechanism of pH-independent toxicity. Indeed, H. meridiana treated with ammonia exhibited
aggregation to intracellular components that would suggest significant disruption to cell contents. Reductions
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Fig. 4. TEM of H. meridiana. H. meridiana after 2 h treatment in control solutions (a, b), 1 M ammonia (c, d),
and pH-matched yeast media (pH 10.78, e, f). Yellow arrows: 1, outer membrane; 2, periplasmic space; 3, inner
membrane; 4, nucleoid; 5, PHA-like granule; 6, lysed cell; 7, aggregated material; 8, electrolucent cavities.

to free ammonia concentration coupled with formation of metabolites i and ii could correlate the formation of
metabolites i and ii with intracellular NH,-driven reactions.

Elevated levels of alanine, D-allo-isoleucine, and pantothenate were also exclusively observed in ammonia
exposed H. meridiana. The presence of an isoleucine derivative and pantothenate suggested modulation to the
Coenzyme A pathway that affects the cell membrane®" 2, and amino acid metabolism®?-4. Indeed, D-amino
acids have been implicated in cell wall remodelling in Vibrio cholerae and B. subtilis®®. Alanine dehydrogenase
catalyses the production of alanine by a reaction between pyruvate and ammonium®-%8. Thus, alanine could

Scientific Reports |

(2025) 15:19549 | https://doi.org/10.1038/s41598-025-03858-z nature portfolio



www.nature.com/scientificreports/

— 0.25 M ammonia 401
—— NaOH pH 10.18
Control 204 o

600 nm)

=]
2]
'@

PC 2 (13.4%)

oD (A

0.25 M ammonia
O NaOH pH 10.18
0O Control

r v T + v T J

4 20 0 0 10 20 30
PC 1(19.8%)

Time (h) 60/

L L T —

| Increased .
@ Decreased .. miz=215.084 (Metabolite i) *+**

O No change

. Alanine »x class
| 0.25 M ammonia

. Pantothenate +x B NaOH pH 10.18
allo-Threonine #+++ @ Control
ELR (Tryptic peptide) ++=

-log10(p-value)
s

value

CMP-sialic acid #*+=

-30 -20 -10 0 10 20 30
log2(FC)

Glycerol-3-phosphate »**x 1.5
PS 37.04 ***» 1

| PE (0-34:03) *x»
N-Acetylglutamate »=
| Stearic acid (18:0)
PC 34:02 *=+
N,N-Dimethylglycine *=x -1
Astilbin *xx= 45
N-Acetyl-L-aspartic acid **

Sorbitol ==

Glutarylcarniting »»»

0.25 M ammonia/NaOH pH 10.18

| Increased .
@ Decreased .
e’ O No change .

-log10(p-value)

-

-20 -10 N-Acetylserotonin « s+

[}
e log2(FC)
MNaOH pH 10.18/control

10 W Increased .
@ Decreased
i O No change

10 20
Indole-3-ethanol **+x=*
Bishomo-y-linolenic acid (20:3) *»*»

Linolenic acid ****
9-Ox00DE ****
PE 38:02 ##»*

~
wn

-log10(p-value)
o
$
oy L
: .

[l
w

-20 0
log2(FC)

Fig. 5. Metabolic features significantly altered upon ammonia and high pH exposure in H. meridiana. (a)
Growth curve of samples cultured for metabolomics processing with each replicate shown. Dotted line at
OD,,,=0.5 indicates harvest point. (b) Scores plot of a principal component analysis (PCA). (c-e) Volcano
plots depicting metabolites with a fold change greater than 2 and a p-value lower than 0.05 (adjusted using
FDR correction) for 0.25 M ammonia/control (c), 0.25 M ammonia/NaOH pH 10.18 (d) and NaOH pH 10.18/
control (e). Relative levels of each metabolite are presented as red dots (high) or blue dots (low). (f) Heatmap
of the top 25 metabolites most significantly altered between ammonia, pH and control treated samples.
Significance was calculated by one-way ANOVA (alpha=0.05, two-sided) with Tukey’s post-hoc test using
Metaboanalyst 6.0. Significance level is indicated next to metabolites. The normalised relative abundance

is presented in a gradient from dark blue (high) to yellow (low). All data compiled from three biological
replicates (n=3). The control corresponds to growth in unamended yeast media (0 M ammonia) without pH
modifications. PCA, volcano plots and heatmap were generated using MetaboAnalyst 6.0 and amended for
visual clarity in Inkscape. **, p<0.01; ***, p<0.001; ****, p <0.0001.
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Fig. 6. Metabolic response to ammonia exposure in H. meridiana. (a—e) Box plots of five significantly altered
metabolites found in 0.25 M ammonia exposed H. meridiana (ammonia) compared to NaOH pH 10.18 (pH)
and control samples (control). Results are taken from ANOVA with Tukey’s post-hoc test (Supplementary
Table 7). The upper limit, middle line and lower limit of the boxplots indicate the 25th, 50th (median) and
75th percentiles, respectively. Whiskers represent 1.5x the interquartile ranges. Mean is indicated by a black
diamond. Coloured circles represent the values from all samples (n=3 for each group). Box and whiskers were
generated using MetaboAnalyst 6.0 and edited for visual clarity in Inkscape. Chemical structures were created
using ChemDraw. **, p<0.01; ***, p <0.001; ****, p <0.0001.

be a by-product of elevated ammonia levels. Notably, D-amino acid aminotransferase catalyses the production
of pyruvate and D-glutamate from D-alanine and 2-oxoglutarate, for which D-allo-isoleucine can act as an
amino donor in Thermotoga maritima®. The presence of D-allo-isoleucine may therefore lead to enrichment of
pyruvate and, in turn, enrichment of D-alanine or L-alanine via the alanine dehydrogenase pathway, or both.
D-alanine may act to impede ammonia permeation; D-alanine can increase rigidity, and decrease permeability,
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of the peptidoglycan layer’%72 L-alanine may act to prevent excessive ammonia metabolism; in some bacteria,
L-alanine is an allosteric inhibitor of the nitrogen assimilation enzyme glutamine synthetase”>~7>.

Interpreted from the point of view of planetary habitability, the closed-air system is the most applicable
representation of icy moon subsurface oceans, as ammonia concentrations are presumed to remain constant.
The ammonia toxicity limit at 0.05 M established in the closed-air system is higher than the lowest predicted
concentration of ammonia at 0.01 M for the Enceladus ocean, but lower than the highest predicted concentration
at 0.1 M*>*%’!, When considering the proportion of more toxic NH,, the pKa of the NH,/NH,* system can be
presumed to increase as temperature decreases; a pKa of ~10.1 at 0 °C has been approximated7é. The pKa of the
NH,/NH,* equilibrium is also influenced by ionic strength?!. Thus, with oceanic temperatures estimated at 0
"C283 and ionic strength at 0.333 molal®!, it can be calculated that the Enceladus ocean would require a pH of
<10.6 to satisfy a relative abundance of NH, at <62% suggested as a habitability boundary in this sstudy. This is
in the range of the lower pH estimations currently modelled for Enceladus, where phosphate speciation in the
waters constrains the ocean to pH 10.1 to 11.6, with a most consistent value of pH 10.63!.

On Earth, up to 78 tetragrams of ammonia per annum are expelled globally from agricultural processes®>¢.
Individual livestock buildings show ammonia concentrations up to 30 ppm (0.002 M)””78, which is lower than
the habitability limit indicated in this study, yet, it should be noted a water volume of 1 L would require just
1 gram of ammonia to exceed an ammonia concentration of 0.05 M. In alkaline environments, this may alter
bacterial community structures and biodiversity once the molarity and relative abundance of NH, exceeds
thresholds for survival, as has been observed in Mono Lake?2. Bactericidal effects from NH, may be transient,
unless NH, deposition is continuous, due to the open-air volatilization and dispersal of NH, - repopulation of H.
meridiana in an open-air ammonia system was observed at concentrations above 0.05 M ammonia. However, it
is not without mention that localised and recurrent “point sources” of ammonia deposition have been identified
in both agriculture and industrial processes that may consistently disturb bacterial habitats despite volatilization
and dispersal”®.

Without field-based environmental surveys, the effects of NH, on terrestrial and extraterrestrial habitability
are only estimated. Additionally, without isolation and biological characterisation of metabolites i and ii, we
can only speculate the contribution of these molecules in ammonia toxicity. However, we have shown that
bacterial growth and viability may become impacted when molar concentrations of ammonia are above 0.05 M,
where NH, exceeds NH,*. Moreover, we deduce that ammonia and pH toxicity are distinct, suggesting a need
to modify the current understanding of NH, toxicity in bacteria. Together, these findings can be integrated into
the current knowledge regarding the impact of ammonia on terrestrial geomicrobiology and may inform future
habitability assessments of NH,-rich extraterrestrial environments.

Materials and methods

Solution Preparation

Solutions of liquid ammonia were made to the required molar concentrations—0.01, 0.025, 0.05, 0.1, 0.25,
0.5, 1 M ammonia in yeast media using 35% NH, (Fisher Scientific, CAS Number: 1336-21-6). The pH of the
solutions was determined with a Jenway 3510 benchtop pH meter. pH-matched sodium hydroxide solutions
(NaOH; Fisher Scientific, CAS Number: 1310-73-2) were prepared by gradual addition of 1 M NaOH into yeast
media. To compare growth in different basic solutions at a pH equivalent to that of 0.25 M ammonia (pH 10.18),
several bases were selected that have a natural pH at or greater than pH 10.18 and high solubility in water. Thus,
yeast media was made to pH 10.18 +0.01 using gradual addition of 1 M NaOH, 1 M potassium hydroxide (KOH),
1 M sodium metasilicate (Na,SiO,), 1 M potassium carbonate (K,CO,) or 1 M sodium carbonate (Na,CO,).
Growth experiments proceeded as outlined below. pH was matched to within +0.01 pH units. All solutions were
filter-sterilised through a 0.22-micron pore before use.

NH,/NH,* percentage abundance

The percentage concentration of ammonia was determined by indirect calculation based on commonly utilised
equations developed by Hampson'?. Firstly, the ionic strength of the prepared solutions based on known salinity
(0.2 M NaCl) was determined by Eq. 1.

I =19.9273(S) /(1000 — 1.005109 (S)) (1)

Where I=molar ionic strength; S =salinity (parts per thousand, ppt).

The stoichiometric acid hydrolysis constant of ammonium ions, pKa®, based on I, was then calculated. pKa®
values for given ionic strengths were provided by Hampson!®. These values were plotted to obtain a linear
regression for calculating pKa (Supplementary Fig. 1). pKa® was calculated from Eq. 2.

pKa® =0.1179 (I) + 9.246 (2)
Percentage abundance of NH, at given salinity, pH and temperature was then calculated from Eq. 3. As salinity,

temperature, pressure and pKa® are constant in the experiment, only pH was modified to give percentage
abundance of NH, at each pH value (Supplementary Table 8).

% NH3 — 100/[1 + lo(pKaS+0.0324(2987T)+0.0415(P/T)—pH)} (3)

Where P=1 atm pressure; T =temperature (K).
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Oxygen measurements

Oxygen concentrations (umol/L) of unamended yeast media, ammonia solutions and pH-matched solutions,
prepared as described above, were recorded using an oxygen microsenser with tip diameter of <2 mm (OX-500,
Unisense, Denmark). Solutions were equilibrated for 0.5 h before reading at 28 °C in 96-well plates sealed with
aluminium foil to prevent gas loss.

Water activity

Unamended yeast media, ammonia solutions and pH-matched solutions were prepared as described above.
Solutions were equilibrated for 1.5 h and water activities measured at 28 °C with a Rotronic HP23-AW water
activity meter (Rotoronic AG, Bassersdorf, Switzerland).

Bacterial strain selection

Halomonas meridiana Slthfl (DSM 15724; Gram negative) was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ). The organism was originally isolated at a depth of 2000 m from low
temperature hydrothermal fluid in the East Pacific Rise. The strain exhibits halophilic growth up to 22% NaCl,
and shows tolerance up to pH 12°°. The strain is therefore representative of the physiological attributes that could
be necessary to grow in saline, alkaline fluids. A complete genome sequence is available for this strain®. This
organism is not known to have specific adaptations to ammonia; this was a deliberate choice. The purpose of this
study was not to study microbial biochemical adaptation to high ammonia, but rather to study whether NH, can
act as an abiotic factor influencing bacterial growth, survival and physiology.

Bacterial culture

An aerobic culture of H. meridiana was grown in glass conical Erlenmeyer flasks at 28 °C in an orbital benchtop
shaking incubator set to rotate at 150 RPM. We assume ammonia-rich environments present optimal nutrient
conditions (i.e., available organic debris) with a salinity <2% for the purpose of this study. Thus, H. meridiana
Slthfl was grown in a yeast media consisting of 1 g/100 mL Bacto™ yeast extract (Becton, Dickinson and
Company), 0.2 M NaCl (1.17% salinity) (Thermo Fisher Scientific, CAS Number: 7647-14-5) and distilled water
(dH,0).

Growth experiments

Two growth systems were implemented: ‘closed’ growth experiments were conducted in sealed air-tight 15 mL
falcon tubes with sufficient headspace (14 mL) to allow aerobic metabolism but prevent ammonia evaporation;
‘open-air’ growth experiments were conducted in 96-well plates to permit ammonia evaporation and to monitor
growth dynamics. Growth in closed-air system experiments were assessed by colony forming units (CFU) after
72 h incubation at 28 °C and 150 RPM. Growth in open-air systems were assessed in 96-well plates by optical
density (OD) readings in a BMG SPECTROstar Nano Microplate Reader at 600 nm with reading taken every
half an hour for 48 h at 28 °C. Plates were shaken at 200 RPM before each reading. Plate wells were prepared
with 190 uL of a selected solution and seeded with 10 uL overnight H. meridiana culture to OD = 0.05. Positive
control wells were 190 uL unamended yeast media inoculated with 10 uL overnight H. meridiana culture to
OD,,=0.05. Negative controls had no inoculation. To avoid condensation, plate lids were coated with Triton
X-100 (0.05%) in 20% ethanol.

Growth parameters

Experiments were conducted to yield three standard microbiological growth parameters: lag phase duration,
doubling time (T;), and final OD,,. The lag phase was calculated with a web-based microbial lag phase
calculator®®, with the following parameters: algorithm = parameter fitting to a model; pre-processing applied:
cut data at some time = yes, max time =24-48 h; smooth data =no; initial biomass =first observation; model to
fit =logistic; NLS fitting algorithm = auto; max number of iterations = 1000. T, was calculated by first determining
the growth rate in the exponential growth phase () as per Eq. 4, followed by calculation of T} as per Eq. 5.

p = (Logyo (N) — Log, (No)) 2.303/(t — to) (4)

Where N, =O0D,, at the beginning of a selected time interval (¢,) in the exponential growth phase; N=0D
the end of a selected time interval (f) in the exponential growth phase. ¢ and ¢, are recorded in minutes.

Ta=n2/p 5)

600 &t

The final OD reached after 48 h was recorded and used to represent the final cell concentration reached. Cell
viability versus OD,,, over 24 h was assessed by PrestoBlue cell viability reagent (Thermo Fisher Scientific,
Massachusetts, USA). Calibration curves confirm changes to observed OD, corresponds to increasing number
of viable cells (Supplementary Fig. 2). Growth or lack of growth was determined by the presence or absence of a
defined lag phase, exponential phase, and stationary phase within a 48 h growth period.

Ammonia evaporation and cell viability

In separate 96-well plates, overnight culture of H. meridiana was inoculated to OD,,=0.05 in 0.1 M and 0.25
ammonia solutions. Plates were incubated at 28 °C on an orbital shaker continuously shaken at 150 RPM and
tested as described below at 0, 4, and 8 h for 0.1 M ammonia solutions, and 0, 4, 8, and 16 h for 0.25 M ammonia
solutions. Separate 96-well plates were used for each time point. The viability of cells in the culture wells at these
time points was assessed by CFU on yeast media agar plates incubated at 28 °C. Ammonia content of culture
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wells at these time intervals was recorded using the CHEMetrics High Range VACUette Ammonia test kit (K-
1510 C) by direct nesslerization. The parts per million (ppm) of ammonia in the sample was determined by
colorimetric analysis of the Nessler reaction product at 420 nm®!. Molarity (M) of ammonia was calculated by
conversion of ppm to molarity using the molar mass of ammonia (Eq. 6)

_ (ppm /1000 )
M= 17.031 g/mol (©)

Transmission electron microscopy

An overnight culture of H. meridiana was pelleted, resuspended and exposed for 2 h to the following solutions:
unamended yeast media (control), 1 M ammonia and a pH-matched solution (pH 10.78). The matched pH
solution was created by gradual addition of 1 M NaOH to yeast media. Following incubation, cells were washed
and resuspended in phosphate buffered saline (PBS). Samples were fixed in 3% glutaraldehyde in 0.1 M Sodium
Cacodylate buffer, pH 7.3, for 2 h then washed in three 10-minute changes of 0.1 M Sodium Cacodylate.
Specimens were then post-fixed in 1% Osmium Tetroxide in 0.1 M Sodium Cacodylate for 45 min, then washed
in three 10-minute changes of 0.1 M Sodium Cacodylate buffer. These samples were then dehydrated in 50%,
70%, 90% and 100% ethanol (X3) for 15 min each, then in two 10-minute changes in Propylene Oxide. Samples
were then embedded in TAAB 812 resin. Sections, 1 um thick were cut on a Leica Ultracut ultramicrotome,
stained with Toluidine Blue, and viewed in a light microscope to select suitable areas for investigation. Ultrathin
sections, 60 nm thick were cut from selected areas, stained in Uranyl Acetate and Lead Citrate then viewed
in a JEOL JEM-1400 Plus TEM. Representative images were collected on a GATAN OneView camera at 4 K
resolution. Images were processed using ImageJ®.

Metabolomics sampling and extraction

An overnight culture of H. meridiana was inoculated to OD;=0.05 within 0.25 M ammonia, pH-matched
yeast media (pH 10.18) or unamended yeast media (control) within a 24-well plate. The pH-matched solution
was created by gradual addition of 1 M NaOH to yeast media. Growth occurred within plates at 28 °C and was
assessed by OD, reading every half an hour using a BMG SPECTROstar Nano Microplate Reader. Samples
were harvested during the log phase of growth at OD =0.5. All the following procedures occurred at 4 °C.
Samples were aliquoted into microcentrifuge tubes and quenched by rapid cooling through submersion in a
dry ice/70% (v/v) ethanol bath after brief incubation on ice. During cooling, samples were mixed vigorously to
prevent freezing. Cells were separated from spent medium by centrifugation at 1,000 g for 10 min and supernatant
discarded. Metabolite extraction occurred by addition of ice-cold chloroform/methanol/water (1:3:1 ratio). Cell
lysis was encouraged by sonication with ice for 5 min at 37 kHz within an ultrasonication bath (Elmasonic S
60 H). Extraction mixtures were mixed vigorously at 1,200 rpm on an orbital shaker for 1 h. Following mixing,
samples were centrifuged at 13,000 g for 3 min. The supernatant, containing metabolites, was collected into
sterile microcentrifuge tubes. A pooled quality control sample was generated by combining equal volumes of
metabolites from each sample. All samples were stored at —80 °C until analysis.

Untargeted metabolomics analysis

The untargeted metabolomics analysis was performed using liquid chromatography (LC) coupled to ion mobility
(IM) quadrupole time-of-flight (qTOF) mass spectrometry (MS). The instrumentation consisted of an Agilent
1290 Infinity II series UHPLC system hyphenated with an Agilent 6560 IM-qTOF with a Dual Agilent Jet Stream
Electron Ionization source. LC separation was performed on an InfinityLab Poroshell 120 HILIC-Z, 2.1 mm x
50 mm, 2.7 um UHPLC column (Agilent Technologies 689775-924) coupled to an InfinityLab Poroshell 120
HILIC-Z, 3.0 mm X 2.7 um UHPLC guard column (Agilent Technologies 823750-948). A 3.5 min gradient
was run using organic buffer (acetonitrile) combined with an aqueous buffer with low pH (10 mM ammonium
formate, pH 3) or high pH (10 mM ammonium acetate, pH 9) for positive and negative ionization modes,
respectively. Data was acquired using MassHunter Data Acquisition 10.0 software on 1 pL of sample separated
on the column with a flow rate of 800 uL/min. The quality control sample was injected five times at the beginning
of the experiment to condition the column and after every five test samples to monitor the instrument state
throughout data acquisition. Data were acquired in the 50 to 1700 m/z range, with an MS acquisition rate of 0.8
scans/s. The metabolomics analyses were carried out by the EdinOmics research facility (RRID: SCR_021838)
at the University of Edinburgh.

Metabolomics data processing and statistical analysis

The raw data files were processed using the Agilent MassHunter software suite. Briefly, ion multiplexed data
files and calibration files were demultiplexed using the PNNL PreProcessor v2020.03.23 (the default settings
for demultiplexing, moving average smoothing, saturation repair and spike removal were applied to the data).
The data files were recalibrated for accurate mass and drift time using the AgtTofReprocessUi and the IM-MS
Browser 10.0, respectively. Molecular features were extracted in Mass Profiler 10.0 with a retention time tolerance
of +0.3 min, drift time tolerance of +1.5% and accurate mass tolerance of + (5 ppm+2 mDa). Features were
annotated based on accurate mass and collision cross section (CCS) values using McLean CCS Compendium
PCDL library®2. Multivariate and univariate statistical analysis was performed using the MetaboAnalyst 6.0 web-
based platform®. The input data were log-transformed and Pareto-scaled. The results were visualised using
principal component analysis (PCA), box and whisker plots, volcano plots and heatmaps. Further aesthetic
adjustments, including font changes and line thickness modifications, were made using Inkscape (version 1.0.1).
Chemical structures were drawn using ChemDraw (version 23.1.2) and exported in SVG format for inclusion
in the figures. The raw data associated with this dataset is available to view in the Supplementary Dataset. This
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study focuses on metabolomic changes in ammonia, pH and control samples, but the broader metabolomics
profiling also included samples exposed to (NH,),SO,. For analysis, only ammonia, pH and control samples
were included in this study. The metabolomics of (NH,),SO, exposed samples are to be addressed in a separate
analysis.

Statistics and reproducibility

All data were compiled from a minimum of three different cultures inoculated on different days with new media
(n=3-4 biological replicates). The normality of data was assessed with the Shapiro-Wilk test. For comparison
of two groups, unpaired two-tailed t-tests were used. The Mann Whitney U test was used for unpaired groups
where the assumption of normality was violated. An unpaired t-test with Welch’s correction was applied for
groups with unequal variance as assessed by an F test. For comparison of two or more groups, equal variance
was assessed with the Brown-Forsythe test. Samples of equal variance were examined by analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. For samples where variance was not equal, Welch's ANOVA test
with Games-Howell’s post-hoc test was used. Statistical tests are specified in figure legends. Significance was
considered when p < 0.05. All statistical analyses were performed using GraphPad Prism version 8.0.2 (GraphPad
Software Inc.).

Data availability
All data generated or analysed during this study are included in this published article within the Supplementary
Dataset, except when specified as part of the Supplementary Material.
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4.3 Conclusion

The research presented in this chapter characterises the limits of extremophile life in ammoni-
acal solutions where there is a high relative abundance of NH;. The concentrations utilised
are relevant to icy moon oceans but also have implications for polluted Earth habitats of high
pH. Survival thresholds of 0.05 M ammonia in a closed-air system and 0.25 M ammonia in an
open-air system for H. meridiana were characterised. Increased lag time, increased doubling
time and decreased cell density were evident as ammonia concentrations increased from 0.01
to 1 M ammonia. These effects were not mimicked when H. meridiana was grown in solutions
of matching pH made by sodium hydroxide. In probing the possible toxicity mechanisms and
internal reaction of ammonia on H. meridiana, intracellular aggregation, loss of intracellular
structures, and complete cell disfigurement and lysis was observed. These changes were again
not found when applying a pH-matched sodium hydroxide solution. Ammonia toxicity was
thus found to be distinct from pH toxicity, indicating ammonia toxicity in this case was not
determined by an external rise in pH. It is likely the distinction between ammonia and sodium
hydroxide toxicity was underpinned by the unregulated, passive diffusion of NH; into cells.
Charged species such as Na* and OH" in sodium hydroxide diffuse into cells by regulated,
active transport (Rosen and Silver, 2014, Henriquez et al., 2021). Thus, internal concentrations
are limited and toxic effects avoided.

The subsequent impact of NH3 on metabolites and molecular pathways as NH; diffused into a
cellular environment was assessed by untargeted metabolomics. Despite that ammonia and pH
toxicity was found to be distinct, the metabolomic response to ammonia was highly similar to
that of high pH exposure. This indicated the primary response to ammonia by H. meridiana
was a response to its properties as a weak base. However, a few ammonia-specific alterations
were observed. These hinted at cell wall modifications and possible consequences of internal
NH;-driven reactions, suggesting possible adaptation mechanisms or manifestations of internal
toxicity.

To the best of my knowledge, this is the first time an extremophile with astrobiology-relevant
physiologies has been used to characterise habitability limits in ammonia. I also believe this is
the first study to characterise bacterial survival in up to 0.05 M ammonia in a solution where
the relative abundance of NH;3 was greater than NH,4*. This is significant as the Enceladus
environment, as well as Titan, likely bears an ocean with a high NH3 to NH4* ratio. Ad-
ditionally, the habitability threshold for H. meridiana of 0.05 M established here is above
the lower concentration limit of ammonia modelled within the ocean of Enceladus (0.01 M)
(Fifer et al., 2022, Glein and Truong, 2025). This indicates the presence of ammonia in the
ocean of Enceladus may not constrain the existence of viable bacterial life. Terrestrially,
the concentration of NH; deposited onto Earth environments by agricultural and industrial
processes is not explicitly estimated, but is known to commonly occur. The results of this
study show that, in the open-air system, 0.1 M and 0.25 M ammonia reduced cell number
upon immediate exposure and also reduced doubling time. There was no viability in solutions
at or above 0.5 M ammonia. These thresholds can be utilised as a basis for considering
how ammonia polluted into the environment at particular concentrations could impact the
bacteriology of high pH soils treated with or exposed to ammonia fertilizer.
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During the course of this research, it was evident NH; could disperse from the growth system
as part of the open-air system. Atmospheric transport and deposition of NH; into surrounding
environments is plausible. This posed a significant question as to whether NH; gas dispersed
from a highly concentrated source could impact H. meridiana habitability over a spatial and
temporal range, impacting not just local but also distant environments. This question was
addressed next in Chapter 5.
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Since the submission of this thesis, the following chapter has been published in Microbial
Ecology (DOLI: 10.1007/s00248-025-02621-1). A copy of this publication can be found in the
appendix.
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5.1 Introduction

The habitability of an environment is influenced by its physicochemical conditions, the accessi-
bility of chemical elements, nutrients and energy, and, distinctly, the availability of liquid water.
Equally, the habitability of an environment can become constrained or limited by the presence
of detrimental environmental components (Cockell et al., 2016, 2024). One class of detrimental
compounds is volatile toxic gases, which can be transported through the atmosphere. One such
gas is ammonia (hereafter, the term “ammonia” is utilised to denote the total concentration of
unionized ammonia, NHj3, and the ammonium ion, NH4", in an environment). Ammonia is a
bioavailable nitrogen source and metabolic input for many living organisms including bacteria
(Nagatani et al., 1971, Burris and Roberts, 1993, Stein and Klotz, 2016). However, the toxicity
of ammonia has been demonstrated across a number of species, from bacteria to humans (Vines
and Wedding, 1960, Kelly et al., 2012, Dasarathy et al., 2017, Jurca et al., 2018). Notably, NH;
possesses certain properties (e.g., small size, uncharged) which facilitates passive permeation
through biological membranes. As a weak proton (H*) acceptor, NH; readily reacts with H*
to raise pH, disrupt proton motive force and form NH,* which impacts ionic balance (Rose
et al., 2005, Bosoi and Rose, 2009, Shi et al., 2020, Angelova et al., 2022). The presence of
NH3; gas in the environment is therefore an important consideration when assessing habitability.

In aqueous environments, NH; exists in equilibrium with NH,*. The proportion of each
species of ammonia is determined primarily by pH, but also temperature, pressure, and salinity
(Whitfield, 1974, Hampson, 1977, Bower and Bidwell, 1978). Under standard Earth conditions
(temperate, standard pressure) and pH exceeding 9.25, over half of ammonia is present as
NHj; gas. NHj is thus commonly released into the terrestrial atmosphere following application
of ammonium fertilizer to high pH soils. The process of release is known as volatilization,
a phenomenon whereby ammonia transitions to the gas phase (NHj) and escapes into the
atmosphere. Due to volatilization, long-range dispersion and deposition of NH; has been
well demonstrated (Sutton et al., 1998, Bouet et al., 2005, Leytem et al., 2024, Lo et al.,
2025). Ammonia has been detected up to 3 kilometres from a source pollution site, and
could be detected at a level of 5.1 ug/m? in natural reserves (L0 et al., 2025). Despite the
relatively short atmospheric lifetime of NH;3 which is in the order of hours to days (Pinder
et al., 2008, Behera et al., 2013, Xie et al., 2024), atmospheric transport can thus deposit
ammonia into surrounding environments (Duce et al., 1991, Erisman and Draaijers, 1995,
Krupa, 2003). It is therefore possible for NHj; to disperse from a concentrated, local source
to distant environments. Such deposition may impact the habitability of afflicted environments.

As one of the simplest organisms on Earth, bacteria can provide a valuable foundation to
examine growth limitations when considering habitability. Growth limitations in ammonia
have been established for Bacillus subtilis (Deal et al., 1975, Leejeerajumnean et al., 2000),
Escherichia coli (Deal et al., 1975), B. pasteurii, B. pumilus (Leejeerajumnean et al., 2000),
sulphate-reducing bacteria (Dai et al., 2017) and the extremophile Halomonas meridiana
(Hopton et al., 2025). Increasing concentrations of atmospheric NH; has been found to reduce
the number of viable bacteria (Eno et al., 1955). Through studies such as these, NHj gas
dissolved into environments from a distant source could be presumed to elicit one of two
distinct effects. At low concentrations, the deposition of dispersed NH; could support the
growth of organisms by providing essential nitrogen (Kleiner, 1981, Raven et al., 1992, Britto
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et al., 2001, Reitzer, 2003, Li et al., 2013). Alternatively, at high concentrations, NH; could
exert adverse effects on the biodiversity of aquatic life, plants, invertebrates and bacteria
(Sutton et al., 2009, Bobbink and Hicks, 2014, Garcia-Gomez et al., 2014, Paoli et al., 2014,
Hou et al., 2018). However, this binary effect of NH; has not been explicitly demonstrated
in research. Additionally, due to atmospheric dispersion, NH; can presumably alter growth
over a wider spatial range than direct deposition but may be less toxic due to diminished
concentration. The effects of NHj3 are also likely to be temporary as ammonia disperse into air
over time. These facets of atmospheric NH; gas generate questions, such as what this spatial
effect on bacterial growth could look like, and whether bacteria could recover from NHj gas
exposure after complete dispersal. Such fundamentals are important when considering how
terrestrial bacteria may be impacted by anthropogenic ammonia pollution.

Crucially, these fundamentals could also inform extraterrestrial habitability. Icy moons of
our solar system feature liquid water subsurface oceans encased below thick ice shells (Khu-
rana et al., 1998, Tobie et al., 2008, Nimmo and Pappalardo, 2016). The liquid state of
the oceans has been thought to be preserved by anti-freeze components such as ammonia
(Lewis, 1971, Spohn and Schubert, 2003). Supporting this, mass spectrometry analysis by
the Cassini-Huygens mission of the material ejected from the Southern plume of Saturn’s icy
moon Enceladus, presumed to originate from the subsurface ocean, measured ammonia at a
volume mixing ratio of 0.4-1.3% (Waite et al., 2009, 2017). Enceladus features an availability
of heat (Nimmo et al., 2007, Roberts and Nimmo, 2008), energy (Hsu et al., 2015, Matson
et al., 2007, Zolotov, 2007), nutrients (Waite et al., 2009, 2017, Postberg et al., 2023, Xu et al.,
2025) and organics (Waite et al., 2009, Postberg et al., 2018), as well as liquid water, essential
for prebiotic chemistry. Enceladus is thus a prominent target in astrobiology and the search
for habitable environments beyond Earth.

On Enceladus, the spatial and temporal impact of NH; gas could be relevant to habitability
prospects in the brine channels, veins, pockets and fractures presumed to feature in the ice
shell. These networks have been hypothesised as potentially habitable environments (Kargel
et al., 2000, Wettlaufer, 2009, Buffo et al., 2021, Wolfenbarger et al., 2022). NH; gas may
permeate into these environments through multiple pathways. In one pathway, NH; gas may be
released and adsorbed into the ice shell following exsolution from the ocean (Fifer et al., 2022,
Richter et al., 2025) and migrate to the fluid networks by surface diffusion. Alternatively, ice
fractures that are open to the surface may enable NHj volatilization on icy moons. This would
dependent on local temperature (-23 to 0 °C or higher) and pH (greater than pH 9) (Bates and
Pinching, 1949), as well as pressure. NH; can easily volatilize on Earth; the air contains trace
amounts of ammonia, creating a strong gradient driving ammonia from environments to the
air. On icy moons, NH; escape is governed by Henry’s Law and vapor pressure equilibrium:
colder temperatures reduce NH; volatility, and thus near-zero pressures are needed for NHj to
escape, volatilize, from liquid. Such conditions could exist in ice shell fractures connected to
the surface of Enceladus which is under near vacuum pressure. Volatilized NH; could then
migrate along the fracture system and potentially solubilise into intersecting brine networks
within the ice shell. As with exsolved NHj3, volatilized NH3 may also absorb onto ice walls
of the fracture and enter brine networks through ice diffusion (Richter et al., 2025). It is
not without mention that other prominent astrobiology targets, the icy moons Titan, Europa,
Callisto and Ganymede, are also modelled with an internal ocean of NH; where spatial and

66



Spatiotemporal cultivation of extremophile Halomonas meridiana impacted by Enceladus- and
Earth-relevant ammonia gas

temporal effects of NH; gas could be relevant (Khurana et al., 1998, Sohl et al., 2003, Spohn
and Schubert, 2003). However, the presence of NHj; in these oceans has yet to be confirmed
by direct measurements.

To characterise the habitability impacts exerted by volatilized and dispersed NH; gas, this
work investigates the cultivation of Halomonas meridiana (nomenclature synonym: H. aqua-
marina) circumjacent to NHj gas. H. meridiana is a deep-sea bacterium with no specialised
ammonia adaptations (Takahashi et al., 2020), but has extremophilic adaptations relevant
to the physicochemical characteristics of the Enceladus ocean (Kaye et al., 2004). Indeed,
I have previously shown H. meridiana can grow in concentrations of ammonia above the
lower putative ammonia concentration threshold (0.01 M (Fifer et al., 2022)) expected on
Enceladus (Hopton et al., 2025). I utilised optical density readings to characterise the spatial
impact of incrementally increasing concentrations of ammonia from 0.1 M to 1 M on growth.
I also analyse temporal recovery of cell density following exposure. Using growth kinetic
and cell viability assays, I compare the growth kinetics of H. meridiana cultured adjacent to
an ammonia source (‘“‘adjacently exposed”) to those directly exposed to ammonia (‘“‘directly
exposed”). Through this, I assess implications for the habitability of environmental niches
susceptible to NH3 gas exposure on the icy moon Enceladus as well as Earth.

5.2 Methods

5.2.1 Bacterial strain selection and culture

The gram-negative bacterium Halomonas meridiana Slfthl (DSM 15724) was obtained from
the German Collection of Microorganisms and Cell Cultures (DSMZ). H. meridiana remains
validly published as a heterotypic synonym according to the International Code of Nomencla-
ture of Prokaryotes (ICNP). However, it should be noted this strain has been synonymized
with H. aquamarina based on phylogenomic classifications (Dobson and Franzmann, 1996).
H. meridiana was isolated from low temperature hydrothermal fluid at a depth of 2000 m.
As such, H. meridiana presents physiological traits necessary for growth in this environment.
This includes halophilic adaptations (growth in up to 22% NaCl), alkalitolerance (tolerance
up to pH 12), psychrotolerant traits (growth at -1 °C and cold shock protein genes), and
piezotolerance (growth at 550 bar) (Kaye et al., 2004, Kaye and Baross, 2004, Takahashi
et al., 2020). Evidence of hydrothermal systems are present on Enceladus (Hsu et al., 2015,
Waite et al., 2017). The isolation location and physiological adaptations exhibited by this
organism therefore make it a suitable model for establishing the limits of life on Earth and
potential for habitability on icy moons where cold, saline, high pH, and high-pressure waters
would be expected. Additionally, the strain genome hosts no known ammonia adaptations
(Takahashi et al., 2020) [DDBJ, accession no. AP022821]. This was an intentional choice.
The estimated ammonia concentrations within icy moons oceans are low and may preclude
the need for distinct ammonia adaptations. Additionally, the intention of this study was not to
assess an already established ammonia adaptation, but to assess whether NH; gas acts as a
chemical parameter that can affect habitability of organisms without ammonia adaptations.
Pure cultures of H. meridiana were maintained in a simplistic yeast media consisting of 1g/100
mL Bacto™yeast extract (Becton, Dickinson and Company), 0.2 M NaCl (1.17% salinity)
(Thermo Fisher Scientific, CAS Number: 7647-14-5) and distilled water (dH20) at pH 6.
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Cultures were cultivated aerobically in conical Erlenmeyer flasks with orbital agitation at 150
RPM and 28 °C.

5.2.2 Ammonia preparation

All ammonia solutions were prepared from a stock solution of 35% liquid ammonia (Fisher
Scientific, CAS Number: 1336-21-6). Stock ammonia was diluted in yeast media to molar
concentrations of 0.1 M, 0.25 M, 0.5 M and 1 M ammonia and maintained in air-tight falcon
tubes to prevent gaseous escape. Control solutions of 0 M ammonia consisted of yeast
media with no ammonia supplementation. The pH of all solutions was unaltered to preserve
incrementally higher concentrations of NHj3 gas. The pH of each solution was recorded as
follows: control (0 M), pH 6.06 £ 0.07; 0.1 M, pH 9.73 + 0.01; 0.25 M, pH 10.18 4 0.03; 0.5
M, pH 10.49 £ 0.01; and 1 M, pH 10.78 £ 0.02. The pH of solutions was determined with a
Jenway 3510 benchtop pH meter.

5.2.3 Spatiotemporal analysis of ammonia toxicity

Experiments were conducted in polystyrene 96-well plates. These plates were not air-tight
and thus permitted ammonia to travel from wells to the exterior atmosphere. All wells, with
exception of four central wells (D6, D7, E6, E7), were plated with 190 pyL yeast media
inoculated with 10 uLL overnight H. meridiana culture to an optical density at 600 nm (ODg)
of 0.05. A blank plate was created identically but without inoculation. The four central wells
(D6, D7, E6, E7) were plated with 200 uL. ammonia at concentrations of either 0 M (control),
0.1 M, 0.25 M, 0.5 M or 1 M, prepared as described above. Plates were incubated at 28 °C in
a table-top orbital shaker at 150 RPM with ODg readings taken at 24 and 48 h using a BMG
SPECTROstar Nano Microplate Reader. Plates were shaken at 200 RPM before each reading.
All plates were blank corrected against the blank plate before reading. Plate lids were utilised
during incubation and analysis to ensure planar spread of NHj gas across the plate. The liquid
culture depth was approximately 6 mm in a total well depth of 10.67 mm. An open space of 1
mm was between the well top and the plate lid.

5.2.4 Growth experiments of direct and adjacent ammonia exposure

Growth experiments were conducted within polystyrene 96-well plates utilising two distinct
culture conditions: direct and adjacent ammonia exposure. In the direct ammonia condition,
ammonia concentrations of 0 M (control), 0.1 M, 0.25 M, 0.5 M and 1 M in yeast media were
prepared as outlined above and dispensed into five wells. Ammonia solutions were inoculated
with 10 puL overnight culture of H. meridiana to ODgy, = 0.05 in a final volume of 200 pL
(Figure 5.1A). In the adjacent ammonia condition, five wells of yeast media were inoculated
with 10 uL overnight culture of H. meridiana to ODgy, = 0.05 in a final volume of 200 pL. Five
wells directly adjacent to these culture wells were supplemented with ammonia in yeast media
to concentrations of 0 M (control), 0.1 M, 0.25 M, 0.5 M or 1 M ammonia (Figure 5.1B). In
both growth conditions, separate 96-well plates were used for each ammonia concentration.
Negative controls had no inoculation.
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Figure 5.1: Diagram of “directly” and ‘‘adja-
cently” exposed cultures to ammonia. (A) De-
piction of H. meridiana cultures directly exposed
to ammonia (red circles). H. meridiana (HM) is
cultivated in yeast media with ammonia to concen-
trations of 0.1 M, 0.25 M, 0.5 M or 1 M ammonia.
(B) Depiction of H. meridiana cultures adjacently
exposed to ammonia. H. meridiana is cultivated in
yeast media without ammonia. Ammonia at con-
centrations of either 0.1 M, 0.25M,0.5Mor 1 M
ammonia is placed in the wells directly below these
cultures. Blank (B) solutions are identical but are
without inoculation of H. meridiana.

5.2.5 Kinetic growth assays and parameters

Growth over time was assessed using ODg readings over 48 h in a BMG SPECTROstar Nano
Microplate Reader. Plates were shaken at 200 RPM before each reading. Growth parameters
of lag phase duration, doubling time and final ODg, at 48 h were extrapolated from the
ODygoo growth curve. Lag phase duration was determined using the online microbial lag phase
calculator developed by Smug et al (2024) (Smug et al., 2024). The following parameters were
applied: algorithm=parameter fitting to a model; pre-processing applied: cut data at some
time=yes, max time=24 or 48 hours; smooth data=no; initial biomass=first observation; model
to fit=logistic; NLS fitting algorithm=auto; max number of iterations=100. Doubling time was
derived from the growth rate, i, by the equation In2/p. Calculation of x is presented in Eq.
5.1. Ny is the ODg at a beginning time interval (7y) in the exponential growth phase. N is the
ODygy at the end of a selected time interval (¢) in the exponential growth phase. ¢ and 7, were
recorded in minutes.

= (Logio(N) — Logio(No))2-303/(t — to) (5.1)

The ODgq at 48 h determined final cell density. No growth was defined as any analysis where
there was no defined lag or exponential phase after 48 h. Increases to ODg were found to
correspond to increases in cell viability (Supplementary Figure S1).
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5.2.6 Cell count

Cell viability of H. meridiana was assessed in cultures directly and adjacently exposed
to ammonia. The experimental set-up of the two conditions occurred analogously to that
described in the growth experiments. 96-well plates were incubated for 4 h at 28 °C on a
table-top orbital shaker at 150 RPM. This incubation period was found to be a suitable length
of time to allow volatilization of NH; from the central ammonia wells and complete dispersal
across adjacent wells utilised for testing. The duration is also within the doubling time range
of H. meridiana (i.e., 1 to 2 h). Following incubation, cell numbers were determined using
colony forming units (CFU) on yeast media agar plates incubated at 28 °C.

5.2.7 Evaluation of ammonia concentration

Volatilization and permeation of NH; from and into cultures that were directly and adjacently
exposed to ammonia was assessed by using the CHEMetrics High Range VACUette Ammonia
test kit (K-1510C). The K-1510C kit features a detection range of 0-10,000 ppm ammonia and
a detection limit of 100 ppm. Precision data is not available for this kit. However, a related
kit, K-1513, has shown precision of &= 11 ppm at 112 ppm. This kit measures ammonia by
a direct nesslerization reaction. Direct nesslerization determines ammonia concentration by
a reaction of ammonia with potassium mercuric iodide. This produces a yellow-coloured
complex, the Nessler reaction product, which can be measured at 420 nm (Jeong et al., 2013).
The experimental set-up of the two conditions occurred as described in the growth experiments.
A 4 h incubation period was identified as a suitable length of time that could allow NHj
volatilization, dispersal and dissolution into adjacent cultures. Plates were incubated for 4 h at
28 °C on a table-top orbital shaker at 150 RPM. The parts per million (ppm) of ammonia in
each culture was determined by colorimetric analysis of the Nessler reaction product at 420
nm. Ammonia content in ppm was determined by linear regression; the absorbance of the
culture sample at 420 nm was compared against a calibration curve created by absorbance
of known concentrations of ammonia at 420 nm (Supplementary Figure S2). Molarity was
derived from ppm as shown in Eq. 5.2, where 1 ppm~1 mg/L, and molar mass refers to the
molar mass of ammonia expressed in g/mol.

_ ppm 1000
~ Molar mass

(5.2)

5.2.8 Statistics and reproducibility

All data was compiled from a minimum of three biological replicates (n = 3 to 4). The Shapiro-
Wilk test was utilised to assess normality of data. Where the assumption of normality was
violated, two groups were analysed by the Mann Whitney test or, for three or more groups, by
the Kruskal-Wallis test. Multiple comparison correction was applied using Dunn’s test. Where
normality was not violated, sample variance was assessed by an F-test for two groups. Samples
of equal variance were analysed by two-tailed unpaired t-test. If the assumption of variance
was violated, a two-tailed unpaired t-test with Welch’s correction was applied. For three
or more groups, the Brown-Forsythe test was utilised to assess equal variance. Samples of
equal variance were analysed by analysis of variance (ANOVA) followed by Tukey’s post-hoc
test. Samples of unequal variance were assessed by Welch’s ANOVA test with Tamhane’s
T2 post-hoc test. Data is presented as the mean + standard deviation (SD). Significance
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was considered when p < 0.05. Statistical tests are specified in figure legends as well as the
supplementary material when indicated. All figures and statistical analyses were produced
using GraphPad Prism version 8.0.2 (GraphPad Software Inc.).

5.3 Results

5.3.1 Spatiotemporal toxicity of ammonia

NH; is a gas under temperate conditions and standard pressure. The spatiotemporal impact
of NHj; on bacterial cultures was assessed using 96-well plates. Plates were prepared with
four central wells containing either yeast media (0 M ammonia, control) or ammonia at
concentrations of 0.1 M, 0.25 M, 0.5 M, and 1 M. The peripheral wells were filled with yeast
media inoculated with H. meridiana. Figure 5.2A-E is a heatmap illustrating the cell density
of wells surrounding ammonia concentrations of 0 M (Control, Figure 5.2A), 0.1 M (Figure
5.2B), 0.25 M (Figure 5.2C), 0.5 M (Figure 5.2D) and 1 M (Figure 5.2E) at 24 h and 48 h
post-inoculation. Cell density is given by optical density values at 600 nm (ODg). Values of
cell density are characterised as follows: 0 —red, 0.5 — orange, 1 — yellow, 1.5 — green, > 2 —
dark green. Figure 5.2F and Figure 5.2G indicate the total number of wells, as a percentage
of the total number of culture wells (92), that reached cell densities between 0-0.5, > 0.5-1,
> 1-2 and > 2 ODg at 24 h and 48 h, respectively, for each control and ammonia treatment
condition.

Figure 5.2 demonstrates a pronounced suppression of cell density which was most severe in
proximity to the ammonia source as ammonia concentration increases. Culture wells circum-
jacent to the control solution at 24 h and 48 h, with exception of a single well in each case,
showed an average cell density at or exceeding 2 (Figure 5.2A). At 24 h, 43.12% of culture
wells in the control condition were at a cell density between ODgy > 1-2 and 55.8% of wells
at a cell density ODgy > 2 (Figure 5.2F). At 48 h, 89.86% wells exhibited a cell density
of ODgg > 2 (Figure 5.2G). The control represents typical growth densities that would be
expected of H. meridiana when cultivated in optimal conditions. In culture wells circumjacent
to 0.1 M ammonia, all wells with exception of one exceeded a cell density of ODgyy = 1 (Figure
5.2B). At48 h, 57.97% of wells were ODgoy > 2. This was lower than the number of wells
at or exceeding a cell density of ODgyy > 2 at 48 h in the control condition (p < 0.01), but
higher than the number of wells at a cell density of ODgyy > 2 when compared against the
0.25M (p < 0.05) and 0.5 M (p < 0.01) ammonia conditions at 48 h (Figure 5.2G).

The majority of cultures wells circumjacent to ammonia at a concentration of 0.25 M exhibited
a cell density between ODgyy = 1 and ODg = 2 at both 24 h and 48 h (Figure 5.2C). In this
culture system, 19.93% of wells exhibited cell density values of ODgyy > 2 at 24 h (Figure
5.2F). This increased to 37.32% at 48 h (Figure 5.2G). The number of wells at a cell density
of ODgg > 2 was found to be non-significantly different from the 0.1 M (p = 0.0664), 0.5 M
(p =0.808) and 1 M ammonia (p = 0.101) conditions but lower than the control condition at
48 h (p < 0.0001) (Figure 5.2G).

In the 0.5 M ammonia condition, 9.78% of wells exhibited a cell density of ODgyy > 2 at 24
h. The number of wells at this level increased to 30.07% at 48 h but was still lower than that
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observed in control (p < 0.0001) and 0.1 M ammonia (p < 0.05) conditions (Figure 5.2G).
A cell density of ODgyy <0.5 at 24 was observed in 6.52% of wells (Figure 5.2F), but none
were observed at this level at 48 h (Figure 5.2G). Comparatively, 7.97% of wells exhibited
a cell density of ODgyy > 2 when surrounding 1 M ammonia at 24 h, while 33.7% of wells
exhibited an ODggyy <0.5 (Figure 5.2F). At 48 h, the number of wells at a cell density of ODg
> 2 increased to 18.48%, but the majority of wells were between ODgyy = 1-2 (63.77%) and
3.62% of wells were at a cell density of ODgyy <0.5 (Figure 5.2F). Notably, there was no
significant difference found between the mean percentage of wells between > 0.5-1, > 1-2
and > 2 ODgy compared across all treatment concentrations at 24 h, but treatment with 1 M
ammonia significantly increased the number of wells between ODgyy = 0-0.5 compared to
control (p < 0.05) and 0.1 M conditions (p < 0.05) (Figure 5.2F).

For H. meridiana cultivated proximal to 0.25 M, 0.5 M and 1 M ammonia, lower cell density
values (ODggy <1) were nearer to the ammonia source at both 24 h and 48 h, while the
horizontal and vertical perimeter wells showed higher cell densities (ODgyy > 1) (Figure
5.2C-E). In addition, the radial distribution of NH; was reflected in cell density alterations;
the spatial zone of alterations became larger as ammonia concentration increased.
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Figure 5.2: Spatiotemporal effect of ammonia on growth of H. meridiana. (A-E) Heatmaps
representing the mean ODggg of wells in a 96-well plate (n = 3). Central wells (D6, D7, E6, E7) were
filled with either 0 M (control), 0.1 M, 0.25 M, 0.5 M or 1 M ammonia as indicated by white squares.
Surrounding wells were yeast media inoculated with H. meridiana. ODggg values were recorded 24
h and 48 h post-inoculation to ammonia. ODggg values were coloured as follows: 0, red; 1, yellow;
2, green; > 2, dark green. (F, G) Cell density changes with increasing ammonia concentrations. For
each concentration of ammonia, the number of wells between ODggg 0-0.5, > 0.5-1, > 1-2 and > 2
at 24 h (F) and 48 h (G) post-inoculation was determined and calculated as a percentage of the total
number of inoculated wells (92). The results are represented as a column graph with column heights
and error bars indicating the mean + S.D (n = 3). Statistical significance in (F) and (G) is given by
the Kruskal-Wallis’s test using Dunn’s multiple comparison test for optical density groups 0-0.05 and
> 0.5-1, and one-way ANOVA using Tukey’s multiple comparison test for optical density groups > 1-2
and > 2. ns, no significance; *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001.
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5.3.2 Kinetics of H. meridiana cultivated directly and adjacently to ammonia

Wells immediately adjacent to the ammonia source showed a lower cell density than those
farther from the ammonia source. The lower cell density suggests an alteration to growth
kinetics. Given the small (9 mm) distance from the ammonia source, the impact to growth
kinetics could be similarly observed in H. meridiana directly exposed to ammonia. To ex-
plore this possibility, the growth dynamics of H. meridiana directly exposed to ammonia and
adjacently exposed to an ammonia source were investigated and lag phase duration (Figure
5.3A-C), doubling time (Figure 5.3D-F) and final cell density (ODg) at 48 h (Figure 5.3G-I)
extrapolated. The growth curves utilised to extrapolate these growth parameters are available
in Supplementary Figure S3.

H. meridiana exhibited an extension to lag phase duration when directly cultivated in all
concentrations of ammonia. Adjacent cultivation to ammonia increased the duration of the
lag phase at concentrations of 0.25 M and 0.5 M ammonia, but not 0.1 M ammonia (Figure
5.3A-D). H. meridiana cultivated adjacent to 0.1 M ammonia wells assumed a lag phase time
of 0.2 + 0.141 (Figure 5.3A). This was a shorter duration than those cultivated directly in 0.1
M ammonia (6.13 + 1.55). Differences between lag phase duration of H. meridiana cultivated
adjacently to 0.1 M ammonia was found to be non-significant from cells cultivated directly in
ammonia (p = 2.00) and in control conditions (p = 0.665). Similarly, H. meridiana cultivated
adjacent to 0.25 M ammonia wells assumed a lag phase time of 18.15 + 4.62 (Figure 5.3B).
This was a shorter duration than those cultivated directly in 0.25 M ammonia (25.65 £ 1.72).
Differences between lag phase duration of H. meridiana cultivated adjacently to ammonia
were found to be non-significant from cells directly exposed to ammonia (p = 0.485) and to
control conditions (p = 0.267).

In Figure 5.3D, the doubling time of cells cultivated adjacently to 0.1 M was comparable to
growth in control conditions (p = 0.989), and faster than cells cultivated directly in 0.1 M
ammonia (p < 0.001). Conversely, as ammonia concentration increased, cells adjacent to 0.25
M ammonia showed comparable doubling time to cells cultivated directly in 0.25 M ammonia
(p =0.271). This was longer when compared to control conditions (p < 0.05) (Figure 5.3E). H.
meridiana adjacently exposed to ammonia showed comparable final ODg to cells cultivated
directly in ammonia at concentrations of 0.1 M (p = 0.991) (Figure 5.3G) and 0.25 M (p =
0.999) (Figure 5.3H).

Notably, the cell density at 48 h was significantly higher in cells cultivated adjacently to
ammonia than those in control conditions at 0.1 M ammonia (p < 0.05) (Figure 5.3G) and
0.25 M ammonia (p < 0.05) (Figure 5.3H). H. meridiana did not show an observable lag, log
or stationary phase when cultivated directly in 0.5 M ammonia but did show onset of growth at
30 h post-inoculation when cultivated adjacently to a 0.5 M ammonia source (Supplementary
Figure S3). Consequently, cultures adjacent to 0.5 M ammonia exhibited a higher final cell
density compared to cells cultivated directly in 0.5 M ammonia (p < 0.0001) (Figure 5.3C).
H. meridiana cultivated adjacently to 0.5 M were found to have a longer lag phase duration
(p < 0.1) (Figure 5.3C), slower doubling time (p < 0.05) (Figure 5.3F) and lower final cell
density (p < 0.01) (Figure 5.31) than H. meridiana in control conditions.
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Figure 5.3: Growth kinetics of H. meridiana cultivated directly and adjacently to ammonia. (A-C)
Lag phase time, (D-F) doubling time, and (G-J) final ODg of H. meridiana at 48 h extrapolated from
growth curves of Supplementary Figure S3. Column heights indicate the mean + S.D. (n =3 to 4).
Statistical significance was calculated by one-way ANOVA, Welch’s ANOVA, Kruskal-Wallis test and
Welch’s unpaired t-test. The individual tests utilised are outlined in Supplementary Table S1. ns, no
significance; *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001.

No growth was recorded in H. meridiana cultivated directly in or adjacently to 1 M ammonia
(Supplementary Figure S3). ODg at 48 h in both conditions thus remained at 0.05 (Figure
5.3J)).
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5.3.3 Cell viability and ammonia content in H. meridiana cultures directly and adja-
cently exposed to ammonia

Lag phase duration of H. meridiana increased incrementally when cultivated adjacently to
higher concentrations of ammonia. I have previously shown this extension to lag phase
duration is a result of reduced viable cell populations correlating with ammonia concentra-
tion (Hopton et al., 2025). Figure 5.4 shows cell number of H. meridiana and ammonia
content in cultures following 4 h of direct and adjacent exposure to ammonia. Control con-
ditions without ammonia are also shown. Across all directly exposed ammonia cultures, the
concentration of ammonia was diminished from original inoculation concentration at 4 h con-
firming ammonia volatilization from wells over time. Gaseous NH; solubilised into adjacent
cultures from an ammonia source was indicated by detectable levels of ammonia in these wells.

Differences in cell number were non-significant between control cultures and cultures adjacent
to 0.1 M (p = 0.794) (Figure 5.4A). This aligned with a non-significant change in lag phase
between this condition and control conditions in Figure 5.3A. The ammonia content in 0.1 M
ammonia adjacently exposed cultures at 0.0308 M + 0.0002, however, was significantly higher
than those in the control condition (p < 0.0001). This indicates 0.1 M was not a concentration
that detrimentally impacts cell number, and in turn, lag phase duration. Cell number was lower
in cultures directly exposed to 0.1 M ammonia compared to adjacently exposed to ammonia
(p < 0.01) and control conditions (p < 0.01). In correlation with this, ammonia content in
directly exposed cultures at 0.0538 M =+ 0.004 was higher than those in adjacently exposed
ammonia cultures (p < 0.001) or control cultures (p < 0.0001) (Figure 5.4A). This correlates
with the results of Figure 5.3A that demonstrate direct exposure of H. meridiana to 0.1 M
ammonia increases lag phase duration compared with control.

Differences in cell number were significant between control cultures and cultures adjacent to
0.25 M ammonia (p < 0.01) (Figure 5.4B). Cultures adjacently exposed to 0.25 M showed a
concentration of ammonia at 0.0677 M + 0.000 which was significantly higher than control
cultures (p < 0.0001). This level of ammonia may account for cell number reduction in
ammonia-adjacent cultures. However, the level of viable cell loss was not found to impact
lag phase duration significantly between ammonia-adjacent and control cultures, as indicated
in Figure 5.3B. As a result of viable cell loss, cell number changes in cultures adjacently
exposed to 0.25 M were found to be non-significant from cultures directly exposed to 0.25 M
(p = 0.999) (Figure 5.4B). The non-significant change in cell number between directly and
adjacently exposed cultures did not correlate with ammonia. Cultures adjacently exposed
to 0.25 M showed a lower ammonia concentration than cultures directly exposed to 0.25 M,
which were found to be 0.108 M £ 0.01 (p < 0.001). These results indicate, while not as
cytotoxic as direct ammonia exposure, adjacent exposure to 0.25 M ammonia demonstrates
detrimental effects on viability. This may account for the longer doubling time observed in
cultures adjacently exposed to 0.25 M (Figure 5.3E) which was not observable in cultures
adjacently exposed to 0.1 M (Figure 5.3D).

There was no growth in H. meridiana cultures cultivated directly in 0.5 M (Figure 5.4C)

and 1 M ammonia (Figure 5.4D). These solutions also demonstrated the highest ammonia
content compared to adjacent and control cultures, with concentrations of 0.146 M =+ 0.02 and
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Figure 5.4: Cell number and ammonia content of H. meridiana exposed to ammonia. Cell number
and ammonia content at 4 h in H. meridiana cultures following direct and adjacent exposure to ammonia
concentrations of 0.1 M (A), 0.25 M (B), 0.5 M (C) and 1 M (D). Comparison to cell number and
ammonia content in 0 M (control) cultures for each concentration is illustrated. Cell number is given
by CFU/mL in individual value scatter plots. Mean is indicated by the central line between individual
points (n = 3). Error bars are + S.D. Statistical significance was calculated by one-way ANOVA with
Tukey’s post hoc test (0.1 M and 0.25 M) or two-tailed unpaired t-test with Welch’s correction (0.5 M
and 1 M). Ammonia concentration is depicted in box plots that show molar concentrations of ammonia
measured in culture solutions 4 h post direct and adjacent exposure to ammonia. Box plots represent the
median as well as the 25% and 75% interquartile ranges. The whiskers represent 1.5x the interquartile
ranges. Plus sign (+) indicates the mean and the middle line indicate the median (n = 3). All statistical
tests here correspond to one-way ANOVA with Tukey’s post hoc test. ns, no significance; *, p < 0.05;
¥ p < 0.01; #*% p < 0.001; #*¥* p < 0.0001.

0.307 M =£ 0.009, respectively. These concentrations were deleterious to H. meridiana. There
were viable cells in cultures adjacent to 0.5 M and 1 M ammonia. This indicated adjacent
cultures did not acquire ammonia to the concentrations observed in direct cultures at any point.
Indeed, the ammonia content of ammonia-adjacent cultures was significantly lower than those
in directly exposed cultures at 0.5 M (0.102 M £ 0.002, p < 0.01) and 1 M ammonia (0.203 M
£ 0.01, p < 0.0001). Compared to control, the cell number in cultures adjacently exposed to
0.5M (p < 0.05) (Figure 5.4C) and 1 M (p < 0.05) (Figure 5.4D) were lower. In accordance
with this, the ammonia content was found to be significantly higher in cultures adjacent to 0.5
M (p < 0.0001) and 1 M ammonia (p < 0.0001) solutions compared to control.
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5.4 Discussion

The aim of this work was to characterise the spatiotemporal effect of NH; gas on the cultivation
of an extremophile, H. meridiana. Although the habitability of extraterrestrial environments
is speculative, ammonia is known to be a component of extraterrestrial oceans (Fortes, 2000,
Spohn and Schubert, 2003, Waite et al., 2009). Thus, our findings have relevance to the
potential for habitability in these environments. Additionally, NH; volatilization, resulting
from agricultural and industrial pollution (Van Damme et al., 2018, Luo et al., 2022), can
deposit ammonia at great distances and may alter habitability in environments on Earth beyond
the local site of release (Sutton et al., 1998, Bouet et al., 2005, Leytem et al., 2024, Lo et al.,
2025). These results therefore advance the current understanding on how the gaseous state
of NH; may permeate into environments and impact the potential for a habitat to become or
remain inhabited.

Although previous studies have investigated the effects of toxic gases on microbial growth,
none of these studies have examined the spatial effects of gas on microbial growth. In literature,
the growth of a diverse range of bacteria has shown to be disturbed most closely to a pollutant
source. For example, as in the case of soils nearby tailing ponds of seepage pollution (Geng
et al., 2022) or soils with crude oil contamination (Jiao et al., 2016). In accordance with
this, I observed reduction of cell density nearest to an ammonia source. I also identified that
increased concentrations of NH; gas increased the spatial size of the zone affecting cell density.
The effects I observed in the gas phase are analogous to diffuse-limited effects observed in agar
plates. An increasing zone of inhibition with increasing concentration of a toxic substance has
been demonstrated in agar diffusion assays using non-gas substances such as propolis extract
(Boyanova et al., 2005), lauric acid-KOH Hinton Jr and Ingram (2011), chromium (Diaz-Baez
and Roldan, 1996), and a range of organics, inorganics and organometallics (Liu et al., 1989).
Likewise, an increasing spatial zone of antibacterial activity has been observed for application
of increasing concentrations of reactive oxygen species on Pseudomonas aeruginosa (Dwivedi
et al., 2014) and E. coli (Goswami et al., 2006). Our findings show how microbial growth can
also be influenced by compounds traversing through the atmosphere as well as through liquid
media.

NH; dispersal within the system was not instantaneous, and the timing at which NHj reached
H. meridiana would have depended on spatial position within the plate. For wells located
further from the NHj3 source, it is likely that NH; exposure occurred after cells had already
transitioned from lag phase into exponential growth. This is significant, as bacteria are gener-
ally more sensitive during exponential phase, owing to more frequent cell wall remodeling,
more permeable envelopes, and a lesser focus on the stress response (Mueller and Levin, 2020,
Ughy et al., 2023, Keller and Dorr, 2023). Consequently, NH3 exposure during this phase
may have had a more pronounced inhibitory effect compared to exposure during lag phase. In
these wells, H. meridiana may have initially exhibited growth dynamics similar to the control
(i.e., progression through lag and early exponential phase), but then observed disruption of
exponential growth and premature transition into stationary or death phase. Proportionally, a
greater number of cell deaths may have occurred than cells exposed to NHj3 in the lag phase. In
contrast, wells closer to the NHj3 source experienced earlier exposure, resulting in a prolonging
of the observed lag phage due to cell death, but overall cell deaths may have been propor-
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tionally lower. Despite this potential disruption, wells at the periphery remained at densities
above ODg = 1. It is reasonable to presume that cells at the periphery could reach a greater
density as the initial growth phase was already started, while a lower density was reached in
wells adjacent to the NHj source due to a delayed growth response. This phase-dependent and
spatially variable exposure likely contributed to the heterogeneity observed in growth levels
across the plate, and should be considered when interpreting differences between wells.

A notable alteration was that H. meridiana cultivated adjacently to ammonia at concentrations
of 0.1 M and 0.25 M were able to establish a higher density at 48 h compared to control
conditions. It is possible these concentrations were low enough, particularly following evapo-
ration, that diffusion of NHj across the cytoplasmic membrane into the cell in equilibrium with
NH,* were sufficient to promote growth by providing additional nitrogen (Miiller et al., 2006).
NH,* is assimilated by either the glutamine synthetase-glutamate synthase (GS-GOGAT) or
glutamate dehydrogenase (GDH) pathway. In enzymology, K, is the substrate concentration at
which an enzyme’s reaction is half of its maximal velocity, Vmax. K, values for GS, GOGAT,
and GDH have been reported at 0.033 M (Tachiki et al., 1978, Shatters et al., 1993), 0.0002
M(Hemmild and Mintsild, 1978), and 0.029 M in bacteria (Kanamori et al., 1987a). At4 h,
the ammonia concentration in wells adjacent to 0.1 M were 0.0308 M ammonia, and adjacent
to 0.25 M ammonia were 0.0678 M ammonia. These concentrations are thus suitable for GS
and GDH to achieve 50% velocity or higher according to Michaelis-Menten kinetics and may
account for enhanced cell density compared to control.

In Halomonas, ammonia nitrogen removal, and thus assimilation, rates have been reported at 5
mg N L h'lin species H. salifodinae (Hu et al., 2022), 9.10 mg N L' h'! for H. piezotolerans
strain HN2 (Dong et al., 2022) and 22 mg N L-1 h-1 in Halomonas sp. strain BO1 (Wang
et al., 2017). This approximately corresponds to the removal, and possible assimilation, of
NH,* at ~0.00036 M h'!, ~0.00064 M h™!', and ~0.0016 M h'!. As aforementioned, cultures
adjacent to 0.1 M and 0.25 M ammonia sources were found to accumulate ammonia at 4
h to concentrations of 0.0308 M and 0.0677 M, respectively. This indicates the ammonia
provided into the wells were near 20-fold and 42-fold higher than the concentration utilised in
assimilation per hour. Such abundance may have stimulated higher growth than the control
which featured limited amounts of ammonia.

Such abundance of ammonia could also be deleterious to growth, however. While enhanced
cell density was observed in cultures adjacent to 0.25 M ammonia, lag phase duration was
higher, doubling time was slower and cell viability also lower compared to control. In contrast
to 0.1 M ammonia, cultures adjacent to 0.25 M showed ammonia values that were substantially
higher than the Km values required for 50% Vmax in nitrogen assimilation enzymes and
typical rates of nitrogen assimilation. Ammonia at 0.25 M ammonia thus reflects a transition
concentration whereby excess ammonia becomes deleterious to growth. It is notable adjacent
exposure to NH; gas at a concentration of > 0.5 M is the limit at which the following effects
were observed: 1) reduced cell density surrounding the ammonia source (ODgyy <0.5): ii)
increased lag phase duration and doubling time; and, iii) reduced cell number of H. meridiana
from control conditions. Cultures adjacent to 0.5 and 1 M solutions may have experienced
enhanced nitrogen assimilation but likely experienced an overriding toxicity effect including
internal alkalization and disruption to the internal H* pool that ultimately led to the deleterious
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growth effects described. This is a function of ammonia concentration; I have previously
demonstrated 0.05 M ammonia as a habitable limit for H. meridiana (Hopton et al., 2025). It
is thus in accordance with this that cultures adjacent to 0.1 M ammonia showed an ammonia
content below this limit. Concentrations above this limit were observed in 0.25 M, 0.5 M and
1 M cultures where growth or viability was significantly impacted. Our findings indicating a
correlation between increased concentrations of NH; gas and reduced cell growth has also
been demonstrated using other forms of toxic gas (Gee and Duane Brown, 1981, Porter et al.,
1983, Coyne and Hardy, 1997, Cheng and Hu, 2021, Mendes et al., 2021, Seregina et al., 2022,
Couvert et al., 2023).

In extraterrestrial icy worlds, ammonia is a primordial component incorporated into subsurface
oceans. Fluid networks are expected within the overlying ice shells and could function as
potential habitats (Kargel et al., 2000, Wettlaufer, 2009, Buffo et al., 2021, Wolfenbarger et al.,
2022). It is probable fluids within the ice shell networks closely mimic, or are identical to,
the composition of the ocean below and thus contain ammonia. However, it is feasible NH;
gas may also be formed in these environments and thus influence habitability in addition to
solubilised ammonia. For example, NH; gas may be produced by a process of exsolution
at the plume vent region of Enceladus. NH; gas adsorbed onto the plume vent ice walls
may then migrate through the ice shell to fluid networks. Alternatively, fractures through
the ice shell that connect to the near vacuum surface could provide the pressure to facilitate
NHj; volatilization from connected fluid networks or the ocean if also permitted by pH and
temperature. Volatilized NH; migrating up a fracture shaft may then disperse and dissolve
into other fluid networks that intersect with the fracture region, impacting the potential for
habitability in these environments.

The work presented here mimics an NH; exposure scenario. I show the spatial migration of
ammonia impacts the concentration of ammonia dissolved into a solution and thus the growth
of H. meridiana. 1 provide proof-of-principle evidence that the concentration of ammonia
solubilised determines whether growth is facilitated or hindered. At low concentrations, ad-
dition of bioavailable nitrogen in the form of ammonia can facilitate growth, while higher
concentrations can exert toxic cellular effects. On Enceladus, a hypothetical scenario can be
argued; NHj; volatilized at the base of a fracture site may be more harmful at this site and
less harmful as the gas migrates up, absorbs into ice walls and fluid networks and deceases in
concentration.

I show also show that environments neighbouring an ammonia concentration of 0.1 M demon-
strate improved growth, while environments adjacent to concentrations exceeding 0.1 M can
become detrimental to growth and viability. This would indicate environments adjacent to
such concentrations may be habitable but display an altered bacterial community structure. For
example, alkaliphilic bacteria may survive and propagate with greater abundance than alkali-
tolerant bacteria, such as H. meridiana, that may grow slower. It is notable 0.1 M ammonia is
the upper concentration boundary approximated for the ocean of Enceladus (Fifer et al., 2022).
These thresholds are specific to H. meridiana; generalised habitability thresholds in NH; gas
could be further constrained using a diversity of bacterial species. Indeed, comparisons with
literature show that direct exposure to 0.1 M ammonia has been found toxic to neutrophilic
E. coli and B. subtilis under icy moon conditions (Deal et al., 1975). In accordance with our
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results, solutions where the NHj3 concentration exceeds 0.1 M can be survived by a diverse
array of bacteria under standard terrestrial conditions including: B. subtilis TS (0.15 M NHj3)
(Leejeerajumnean et al., 2000), isolated sulphate-reducing bacteria (0.2 M NHj3) (Dai et al.,
2017), Staphylococcus aureus (0.3 M NHj3), Enterococcus faecium (0.3 M NHj3), Micrococcus
luteus (0.3 M NHj3;), Salmonella typhimurium (0.3 M NHj3), B. cereus T41 (0.3 M NH;),
Proteus pumilus (0.5 M NH3), B. pumilus ( > 0.5 M NH3;), and B. pasteurii ( > 0.5 M NH3)
(Leejeerajumnean et al., 2000). Thus, there is reason to believe such concentrations of NH;
gas volatilized from an ammonia source could be survived by a range of species, although
growth may not be optimal.

The temporal effects of NH; gas were also demonstrated. Due to the use of an open-air
system, cultures of H. meridiana exhibited cell density recovery with time when adjacently
exposed to ammonia at all concentrations. This is comparable to our previous study which
demonstrated H. meridiana cell numbers recovered over time with ammonia evaporation from
culture media (Hopton et al., 2025). The spatial toxicity imposed by ammonia is therefore
transient and suggests ecosystems exposed to NH; would only be temporarily affected if there
is a pathway to ammonia dispersal into the bulk atmosphere. This may occur on Enceladus if
NH; outgassing from the ocean is infrequent. Presumably, continuous exposure would exert
a continuous deleterious effect on growth. It is crucial to note these results do not infer an
increased or decreased likelihood of life existing on icy moons. Indeed, many other factors
will influence habitability. It may be found these environments are habitable but not inhabited.
Rather, these results show that NH; gas is a chemical parameter that could influence the
potential for habitability in a spatiotemporal manner. The presence of NH; gas should thus be
considered when constraining targets for astrobiological exploration.

Our results also have implications for Earth habitability. In terrestrial environments, localised
“point sources” of ammonia pollution have been identified in both agriculture and industry
(Van Damme et al., 2018). This would suggest long-term spatial effects on nearby bacterial
communities according to the results of this study. H. meridiana was selected as an organism
that could survive in cold, saline and high pH fluids under pressure. However, H. meridiana
is also a mesophile, grows optimally at standard pressure and can grow at neutral pH. This
organism, and the growth results presented, can thus represent bacteria without extremophilic
adaptations and indeed our results are in accordance with other, diverse bacteria as outlined.

5.5 Limitations and future work

A natural extension of this work would be to consider evaporation rate of NH;. The importance
of evaporation rate in temporal toxicity may account for a discrepancy observed between the
cell density achieved at 48 h in cultures surrounding 1 M ammonia (Figure 5.2E) compared
to the cell density reached at 48 h in cultures adjacent to 1 M ammonia in Figure 5.3J. The
evaporation rate of essential oils has been shown to effect the minimal inhibitory dose (MID)
against Staphylococcus aureus and E. coli, with rapid evaporation producing a higher vapour
concentration that reduces the MID required (Inouye et al., 2001). This research indicates
discrepancies between experiments could be attributed to altered rate of ammonia evaporation,
and thus delivery of NHj3, driven by differences in the culture instrumentation and shaking
speed. A continuation of this work would be to alter atmospheric pressure or incorporate an
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air flow system. The incorporation of such measures could more accurately replicate in situ
environments relevant to icy worlds and in anthropogenic NH; pollution.

5.6 Conclusion

NHj is a gas that can supply essential nitrogen but also exert cellular toxicity. NHj volatilized
from a concentrated source into surrounding environments is therefore a crucial consideration
when assessing the capacity of environments to support life, such as within terrestrial environ-
ments polluted with ammonia, or the ice crusts above ammonia-water oceans of icy moons. In
this chapter, it was evident that lower cell densities (ODgy = 0-1) occurred nearest an NH;
source. At 24 h, wells exhibited an ODgy, = 0-0.5 when ammonia concentrations were > 0.5
M. H. meridiana in proximity to 0 M, 0.1 M, 0.25 M, 0.5 M and 1 M ammonia exhibited
an ODgyy > 2 1n 89.86%, 57.97%, 37.32%, 30.07% and 18.48% of culture wells at 48 h,
respectively. Alteration to growth kinetics and viability of H. meridiana cultivated adjacently
to an NHj; source were not as severe compared to direct culture in ammonia. Compared
to control, adjacent exposure to 0.1 M ammonia exhibited no significant detrimental effect
on growth kinetics and enhanced cell density, but adjacent exposure to > 0.5 M ammonia
greatly extended lag time, doubling time, reduced cell density and reduced viability. When
considering the habitability of terrestrial and extraterrestrial environments, it can be surmised
from these results that NH; volatilized from 0.1 M sources may thus minimally affect, if not
improve, habitability. However, environments exposed to NHj volatilized from sources at
> 0.5 M could constrain habitability and may preclude the growth or viability of biological
organisms.
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6.1 Introduction

Chapters 4 and Chapter 5 demonstrated that NH; can impose certain habitability limits and
physiological effects on Halomonas meridiana in high pH environments, where the relative
abundance of NHj is high. Near neutral environments will observe higher proportions of
NH,*. It has been shown NH,*, while “less toxic”, can also exert a distinct toxicological
effect (Gorissen et al., 1993, Witter et al., 1993, Goude et al., 2004, Toljander et al., 2008,
Zorz et al., 2018). Near neutral or acidic oceanic environments may occur on the icy moon
Europa (Johnson et al., 2019, Pasek and Greenberg, 2012, Tan et al., 2021), and (NH4),SO,4
has been tentatively recorded on the surface (Mermy et al., 2023). In an alternative model of
Titan’s ocean environment, it is possible NH;" in the form of (NH,4),SO, could also constitute
a major portion of the ocean (Fortes et al., 2007, Grindrod et al., 2008). On Earth, (NH,4),SO4
is a common fertilizer (Randive et al., 2021, Tyagi et al., 2022). Thus, to fully characterise the
bacteriological impacts of aqueous ammonia for both icy moon and Earth environments, it was
pertinent in Chapter 6 to define the limits of habitability and physiological effect of aqueous
(NH4),SO4 on H. meridiana. To the best of my knowledge, this was the first study to explore
growth limits and physiology of an aerobic, extremophile bacteria without specified ammonia
adaptations in (NH,4),SO,. Concentration thresholds of (NH,4),SO,4 on icy moon environments
have not been estimated, thus a concentration scale from sub-molar (0.1 M) to molar (1 M)
was chosen to examine limits. The study begins by assessing growth dynamics, kinetics and
viable cell number in these increasing concentrations of (NH4),SO,4. As (NH,4),SOy is a salt,
the impact of individual ions, salinity, osmotic pressure, pH, and water activity on the observed
response of H. meridiana in (NH4),SO,4 were explored by comparatively assessing growth
in a range of common ammonium and sulphate salts. In addition to this, phenotypic changes
in cell structure were examined by transmission electron microscopy, and internal molecular
changes were explored using untargeted metabolomics. It should be noted that ionic strength
values reported for the brines were calculated as stoichiometric ionic strengths. This approach
provides a consistent metric for comparing the ionic environments generated by the different
ammonium salts used in this study.
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Growth, physiology, and
metabolism of Halomonas
meridiana in agueous ammonium
sulfate with implications for icy
moon astrobiology

Cassie M. Hopton'*, Peter Nienow? and Charles S. Cockell?
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United Kingdom, ?School of Geosciences, University of Edinburgh, Edinburgh, United Kingdom

The discovery of extraterrestrial reservoirs of liquid water has motivated missions
to icy moons Europa and Titan. Tentative evidence of ammonium sulfate
((NH4)»,SO4) has been detected on the surface of Europa, and (NH4),SOy4
could be a prominent constituent of the Titan subsurface ocean. While
NHI acts as a nitrogen source for many organisms, detrimental impacts of
(NH4)2SO4 fertilizer have been documented in bacteria. Consequently, the
presence of (NH4)2SO4 within icy moon environments may constrain the
capacity of these environments to support life. In this study, the bacterial survival
limits and physiological response to aqueous (NH4)>,SO4 were assessed using
the extremophile Halomonas meridiana Slthfl. Growth assays demonstrated
concentrations exceeding 0.25M (NH4)2SO4 led to a measurable slowing of
the growth rate. Cell density remained comparable to control conditions
up to 0.75M (NH4),SO4 at which a decline was observed. Contrary to
existing hypotheses, alterations to cell density were not determined by pH,
osmolarity, salinity, ionic strength, or water activity of the aqueous (NH4),SO4
solution. Furthermore, neither NHZ nor SOi_ alone accounted for these
alterations. Metabolite profiling revealed that exposure to (NH4)2SO4 reduced
the abundance of glutamine compared to control, indicating an alteration to
nitrogen, carbon, and energy metabolism. Active catabolism was suggested by
reduced levels of purine metabolites and amino acids. Metabolites within the
methylaspartate cycle were detected. We discuss these results with regards to
the potential for habitability in aqueous extraterrestrial (NH4)2,SO4 environments
as well as terrestrial environments in which (NH4),SO4 fertilizer is applied.

KEYWORDS

ammonium, ammonium sulfate, icy moons, Europa, Titan, habitability, extremophiles,
pollution

Introduction

Where there is liquid water, there is the prospect for habitable conditions—the liquid
water subsurface oceans of icy moons orbiting Jupiter (Europa, Ganymede, Callisto) and
Saturn (Enceladus, Titan) are prominent targets in the search for life. Recently launched
missions to Europa—the Jupiter Icy Moons Explorer (Juice) (Grasset et al.,, 2013) and
Europa Clipper (Howell and Pappalardo, 2020), and the confirmed launch of NASA’s
Dragonfly mission to Titan (Barnes et al., 2021)—will probe these environments for
extraterrestrial habitability. For decades, Europa and Titan have been hypothesized as
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environments that could support the emergence of life; there is
availability of energy (Schulze-Makuch and Irwin, 2001; McKay and
Smith, 2005; Hand et al., 2007; McKay, 2016) and many of the
essential elements for life (CHNOPS: carbon, hydrogen, nitrogen,
oxygen, phosphorus, sulfur) have been detected (Sagan et al., 1992;
Hiscox, 2000; Owen, 2000; Nixon, 2024; Szalay et al., 2024).

A further compositional expectation for Europa and Titan is
the presence of ammonia (Lewis, 1971; Engel et al., 1994; Spohn
and Schubert, 2003; Tobie et al., 2005). Ammonia is a ubiquitous
molecule found in a variety of celestial bodies (Wyckoff et al., 1989;
Ao et al., 2011; Wong et al., 2018; Irwin et al.,, 2025). It can occur
as the biologically toxic unionized ammonia (NH3) or less toxic
ammonium ion (NHI). Under standard pressure and temperature,
the speciation of ammonia (hereafter ammonia refers to the total
NHI and NH3 in a system) is dependent on pH; a pH above or
below 9.25 dictates whether NH; (>pH 9.25) or NHZ (<pH 9.25)
predominates. In cold waters of 0 °C, this threshold increases to
pH 10.1 (Bates and Pinching, 1949). While the ocean of Europa is
predominantly magnesium sulfate (MgSO4) (McCord et al., 1998;
Kargel et al., 20005 Zolotov and Shock, 2001), or possibly chloride
salts (Brown and Hand, 2013; Hand and Carlson, 2015; Ligier et al.,
2016), ammonium sulfate ((NH4),SO4) could be a constituent at
the surface of Europa (Mermy et al.,, 2023). Surface (NHy4)2SO4
could be of oceanic origin due to emplacement by cryovolcanic
venting (Roth et al., 2014; Sparks et al., 2016; Jia et al., 2018) or
convection of the ice shell (Howell and Pappalardo, 2018). Indeed,
with oceanic waters at pH <8.4 (Johnson et al., 2019) and between
—63 °C to 0 °C (Marion et al., 2003; Melosh et al., 2004), most
ammonia within the internal ocean of Europa would be in the
form of NHI. On Titan, an ocean of aqueous (NHy4),SOy4 fits
with the modeled density and could account for cryovolcanism
at the surface (Fortes et al., 2007; Grindrod et al., 2008). Titan’s
ocean temperature has been estimated in excess of —18°C (Sohl
et al., 2014). The oceanic pH of Titan remains undetermined; an
alkaline pH is predicted in models where NH3 is expected (~pH
11) (Marion et al., 2012; Leitner and Lunine, 2019). However, for
the purpose of this study, we consider the aqueous (NHy4),SO4
ocean model.

The detection of NH in the oceans of Europa and Titan
would be a significant finding. NH, is one of the preferred
nitrogen sources for many organisms on Earth (Kleiner, 1981;
Raven et al., 1992; Britto et al., 2001; Reitzer, 2003; Li et al., 2013).
Ammonia could have also acted as a nitrogen source for internal
ocean prebiotic chemistry in early Earth (Martin et al, 2008;
Sojo et al., 2016). The bioavailability of NH; on Earth underpins
its widespread use as a nitrogen fertilizer, commonly in the
form of ammonium nitrate (NH4NO3), diammonium phosphate
((NH4)2HPOy) or (NH4)2SO4 (Randive et al., 2021; Tyagi et al,
2022). However, there is a concentration limit at which NHI
transitions from a vital nitrogen source to a cytotoxic compound.
The toxicity of NH; in high concentrations has been well-
documented in prokaryotes (Sprott and Patel, 1986; Hendriksen
and Ahring, 1991; Leejeerajumnean et al, 2000), plants (Britto
et al., 2001; Esteban et al., 2016; Hachiya et al., 2021) and aquatic
eukaryotes (Ip et al., 2001; Randall and Tsui, 2002; Collos and
Harrison, 2014).

In bacteria, the application of (NH4),SO4 has shown to reduce
populations, impact diversity (Gorissen et al., 1993; Witter et al.,
1993; Toljander et al., 2008) and alter metabolism (Goude et al.,
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2004; Zorz et al., 2018). However, few studies have examined
the survival limits of bacterial life in (NHy4),SOy4. Bacillus subtilis
and Corynebacterium glutamicum are capable of survival in up
to, and possibly exceeding, 0.716 M (Leejecrajumnean et al,
2000) and 1M (NHy4),SO4 (Miiller et al., 2006), respectively.
However, the oceans of Europa and Titan are putatively saline,
cold and under hydrostatic pressure. It is therefore appropriate
to assess habitability using terrestrial organisms with appropriate
physiological adaptations. Halophilic bacteria have been shown to
grow in brines relevant to the sodium chloride (NaCl), magnesium
chloride (MgCly) and MgSO4 content of Europa (Wilks et al,
2019; Cesur et al, 2022; Parker et al, 2023). Yet, the molar
thresholds for survival and physiological impacts of (NH,)2SO4 on
halophilic bacteria are poorly represented in the literature. Such
information could allow us to assess the habitability of aqueous
extraterrestrial environments and hypothesize suitable signatures
that could be captured by life-detection machinery in (NH4),SO4-
bearing environments.

We  have
predominantly speciated as NHs, can constrain growth and
alter the physiology of Halomonas meridiana Slfth1 (Sltfhl)
(nomenclature synonym: H. aquamarina). This had implications
for the habitability of Enceladus and
environments (Hopton et al., 2025). These results could also

previously —demonstrated that ammonia,

alkaline terrestrial

be applicable to models of the Titan subsurface ocean where
ammonia is NHz (Lunine and Stevenson, 1987; Tobie et al,
2012; Sohl et al., 2014). Here, we aim to understand the survival
limits and physiological response of Sltfthl to (NHy4),SO4, with
implications for the habitability of Europa and Titan that could
bear solubilised oceanic (NH4),SO4, as well as environments on
Earth polluted with (NH4),SO4 fertilizer. Sltfhl is a deep-sea
extremophile with physiological adaptations relevant to conditions
presented within the oceans of Europa and Titan. We assessed
cultivation of Sltfhl in increasing concentrations of (NHy4)2SO4
and other ammonium and sulfate salts. Using microscopy and an
untargeted metabolomics approach, we determined physiological
changes upon (NHy4),SO4 exposure. We draw conclusions on the
habitability of extraterrestrial and terrestrial environments.

Materials and methods

Bacterial strain selection and cultivation

Halomonas meridiana Slthfl (DSM 15724; Gram negative
bacterium) was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ). It should be noted
this strain has been synonymized with H. aquamarina based on
phylogenomic classifications (Dobson and Franzmann, 1996),
but H. meridiana remains validly published as a heterotypic
synonym according to the International Code of Nomenclature
of Prokaryotes (ICNP). Due to constantly evolving taxonomy, we
refer to H. meridiana Slthfl as “Slthfl” in the proceeding text.
SIthfl was isolated in a deep-sea hydrothermal environment. Such
environments could have supported prebiotic chemistry on Earth
(Martin et al,, 2008; Sojo et al., 2016) and may occur within icy
moon oceans (Vance et al., 2007; Hsu et al., 2015; Russell et al,,
2017). Typical phenotypic characteristics of the hydrothermal-vent
habitat of origin are exhibited by Slthfl (Kaye and Baross, 2004;
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Kaye et al., 2004; Takahashi et al., 2020). This includes not only
adaptability to high salinity (growth in up to 22% (w/v) NaCl)
and high alkalinity (tolerance up to pH 12), but also, genomic
adaptations to the cold (possessing three cold shock protein
genes, growth at —1 °C) and high-pressure deep-sea environment
(growth at 550 bar). This combination of polyextremophilic
adaptations makes Slthfl a superior model organism compared to
halophilic archaea for studying potential life in cold, saline-alkaline
environments similar to those presented in icy moon subsurface
oceans. Additionally, Slthfl has no known specialised adaptations
to ammonium. This was an intentional choice. Ammonium
content in the oceans of icy moons is such that adaptation to
ammonium may not be required for survival. The intention of
this study was to assess survival in ammonium, not to study an
already established ammonium adaptation. The complete genome
sequence for this organism is also available [DDBJ, accession no.
AP022821] (Takahashi et al., 2020). Aerobic culture of Slthfl was
performed in glass conical Erlenmeyer flasks in an orbital benchtop
shaking incubator set to rotate at 150 RPM, 28 °C. Slthfl was
cultivated in a yeast media consisting of 1 g/100 mL Bacto™ yeast
extract (Becton, Dickinson and Company), 0.2 M NaCl (Thermo
Fisher Scientific, CAS Number: 7647-14-5) and distilled water.

Brine preparation

Solutions of ammonium and sulfate salts were prepared to
0.1M, 0.25M, 0.5M, 0.75M and 1M from 2M stock solutions
diluted into yeast media. Ammonium salts included: (NHy4),SO4;
Fisher Scientific, CAS Number: 7783-20-2, ammonium nitrate
(NH4NOs3; Scientific Laboratory Supplies, CAS Number: 6484-
52-2) and ammonium chloride (NH4Cl; Honeywell Research
Chemicals, CAS Number: 12125-02-9). In addition to (NH4),SO4,
sulfate salts included sodium sulfate (Na;SOy; Sigma Aldrich
CAS number: 7757-82-6), and potassium sulfate (K;SO4; Acros
Organics, CAS number: 7778-80-5). Owing to limited solubility
of K;S04, molarities beyond 0.5 M were not tested. (NH4),SO4
was also prepared in yeast media at concentrations of 0.05M,
0.125M and 0.375M to achieve equivalent NH;L concentrations
of 0.1 M, 0.25M and 0.75M, respectively, in accordance with the
stoichiometry of NH] ions in other ammonium brines. The pH
of solutions was determined with a Jenway 3510 benchtop pH
meter. All solutions were between pH 5.5 and pH 6.5. Solution pH
remained unmodified in order to preserve a high NH, /NHj ratio
at acidic pH. Solutions of matching pH were created by addition
of HCl or NaOH into yeast media. Solutions were matched to
within £ 0.01 pH units. All solutions were filter-sterilized through
a 0.22-micron pore before use.

Growth conditions

The growth kinetics of Slthfl cultivated in ammonium and
sulfate salts was determined by recorded optical density (OD)
measurements at 600 nm (ODgpg). Overnight Slthfl culture was
inoculated to ODgpy = 0.05 into the selected brines. Controls
were prepared by Slthfl inoculation into unamended yeast media.
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Negative controls had no inoculation. Samples were seeded into a
96-well plate with a low evaporation lid and measurements taken
with a BMG SPECTROstar Nano Microplate Reader over 48 h (h) at
28 °C. For cell viability assays, (NH4),SOj4 solutions were prepared
to 1M in yeast media. Brines were inoculated with overnight
culture of Slthfl to ODgpo = 0.05 in a 96-well plate. Cultures were
incubated in a tabletop shaker at 28 °C for 72 h. Cell viability was
examined using colony forming units (CFU) on yeast media agar
and incubated at 28 °C for 3 days prior to enumeration. To prevent
condensation, 96-well plate lids were treated with a solution of
Triton X-100 (0.05%) in 20% ethanol in all growth experiments.

Growth kinetics

Growth curves were analyzed to determine growth rate and
final cell density at 600 nm. Growth rate, 1, was calculated as per
Equation 1, where Ny is the ODgqp at the beginning of a selected
time interval (¢p) in the exponential growth phase; N is the ODggo
at the end of a selected time interval (¢) in the exponential growth
phase. t and t( were recorded in minutes.

w = (Logio(N) — Logio(No)) 2.303/(t — to) (1)

Final cell concentration was indicated by the final ODgpo
reached after 48h. Measurement of ODggy vs. cell viability
confirms that an increase in ODgq reflects increased viability and
proliferation of cells (Supplementary Figure S1).

Water activity

Water activities were measured in the laboratory with
a Rotronic HP23-AW water activity meter (Rotoronic AG,
Bassersdorf, Switzerland). Solutions were prepared and measured
after a time interval of 1.5 to allow equilibration.

Metabolomics sampling and extraction

Slthfl was cultivated overnight and inoculated to ODgpp = 0.05
into 0.5 M (NHy4),2SO4 or unamended yeast media (control) within
a 24-well plate. Growth at 28 °C was assessed by ODgqo readings
every 30 min using a BMG SPECTROstar Nano Microplate Reader.
Slfth1 was harvested at ODgpp = 0.5 following 28 h growth. An
aliquot of each sample was placed into a microcentrifuge tube and
briefly incubated on ice. Samples were retained for transmission
electron microscopy (TEM) as described in the TEM preparation
section. The remaining samples were quenched by rapid cooling in
a dry ice-ethanol bath (70% v/v ethanol). Samples were vigorously
mixed to prevent freezing. Any spent medium was discarded
by centrifugation at 1,000 x g for 10min at 4 °C followed by
removal of supernatant. Metabolites were extracted by application
of ice-cold chloroform/methanol/water (1:3:1). During metabolite
extraction, cell lysis was encouraged by sonication of samples in
water for 5min at 37 kHz in an ultrasonication bath (Elmasonic S
60 H) maintained at 4 °C with ice. Extraction mixtures were shaken
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at 1,200 RPM for 1 h at 4 °C and centrifuged at 13,000 x g for 3 min
at 4 °C. The metabolite-rich supernatant was harvested into sterile
microcentrifuge tubes and maintained at —80 °C until analysis. A
quality control sample was created by pooling equal volumes of
metabolites from all samples, which was also maintained at —80 °C
until analysis.

Metabolomics

Global metabolomic profiling was conducted using liquid
chromatography (LC) coupled with ion mobility (IM) quadrupole
time-of-flight (qQTOF) mass spectrometry (MS). The system
consisted of an Agilent 1290 Infinity II series ultra-high-
performance liquid chromatography (UHPLC) setup interfaced
with an Agilent 6560 IM-qTOF mass spectrometer equipped
with a Dual Agilent Jet Stream Electron Ionization source.
Chromatographic separation was achieved using an InfinityLab
Poroshell 120 HILIC-Z UHPLC column (2.1mm X 50mm,
2.7pum) coupled to an InfinityLab Poroshell 120 HILIC-Z
guard column (3.0mm X 2.7pum), both sourced from Agilent
Technologies (689775-924 and 823750-948, respectively). A
gradient elution was performed over 3.5 min, utilizing an organic
solvent (acetonitrile) in combination with an aqueous buffer, either
low-pH (10 mM ammonium formate, pH 3) for positive ionization
or high-pH (10mM ammonium acetate, pH 9) for negative
ionization. Data were collected using MassHunter Data Acquisition
10.0 software, with 1 uL of each sample injected at a flow rate of
800 wL/min. A pooled quality control (QC) sample, comprising
equal volumes of all experimental samples, was injected five times
at the beginning of the experiment to equilibrate the column and
after every subsequent set of five test samples to monitor system
stability during data acquisition. Mass spectrometry data were
acquired over a m/z range of 50-1,700, with a scan rate of 0.8
scans per second. The metabolomic analysis was performed at the
EdinOmics research facility (RRID: SCR_021838) at the University
of Edinburgh.

Data processing and statistical analysis of
the metabolomics dataset

Analysis of the raw data files was performed by the
Agilent MassHunter software suite. Specifically, ion multiplexed
and calibration files underwent demultiplexing with the PNNL
PreProcessor v2020.03.23, utilizing default settings for tasks such as
demultiplexing, moving average smoothing, saturation correction,
and spike removal. For recalibration, accurate mass and drift
time adjustments were made using AgtTofReprocessUi and IM-
MS Browser 10.0, respectively. Molecular features were extracted
using Mass Profiler 10.0, with parameters set for retention time
tolerance (40.3 min), drift time tolerance (£1.5%), and accurate
mass tolerance (£ 5 ppm + 2 mDa). Feature annotation was
carried out by matching accurate mass and collision cross-section
(CCS) values to the McLean CCS Compendium PCDL library
(Nichols et al., 2018). Statistical analyses was performed via the
MetaboAnalyst 6.0 online platform (Pang et al, 2024), with
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data log-transformed and Pareto-scaled before analysis. Annotated
molecular features were used to generate principal component
analysis (PCA), volcano analysis, unpaired t-test and box plots.
For pathway analysis, compound names were first converted to
ID labels according to the human metabolome database (HMDB).
Compound HMDB ID with relative intensities were submitted
to the MetaboAnalyst 6.0 online platform pathway analysis tool.
Data was log-transformed, auto-scaled and examined against the
H. meridiana SCSIO 43005 KEGG pathway library using global
test and relative betweenness centrality methods. Altered pathways
with a p-value < 0.05 and FDR < 0.05 were considered significant.
Significantly altered metabolites in the unpaired ¢-test that were
also identified as altered in the pathway analysis are depicted in box
and whisker plots. The plots were retrieved following ¢-test analysis
on the MetaboAnalyst 6.0 online platform. Normalized values are
presented. The raw data associated with this study is available in
the Supplementary Data Sheet. This study focuses on metabolomic
changes in (NH4),SOy4, but the broader metabolomic profiling also
included samples cultivated in NH3 and NaOH. For the purpose of
this study, only (NH4),SO4 and control samples were included. The
metabolomics of NH3 and NaOH exposed samples were addressed
in a separate analysis (Hopton et al., 2025).

Transmission electron microscopy

Cultures of Slthfl cultivated in 0.5M (NH4),SO4 were
harvested during metabolomics sampling, prior to extraction. Cells
were pelleted by centrifugation at 5,000 x g and supernatant
removed. The pellet was washed and resuspended in phosphate-
buffered saline (PBS). Following centrifugation at 5,000 x g
and supernatant removal, the cell pellets were fixed in 3%
glutaraldehyde prepared in 0.1 M sodium cacodylate buffer (pH
7.3) for 2h, followed by three 10 min washes in 0.1 M sodium
cacodylate. Post-fixation was carried out using 1% osmium
tetroxide in 0.1 M sodium cacodylate for 45 min, followed by
a series of three 10 min washes in 0.1 M sodium cacodylate.
The samples were dehydrated sequentially in ethanol solutions
at 50%, 70%, 90%, and 100%
repeated in triplicate and followed by two 10 min washes in

for 15min each. This was

propylene oxide. The samples were embedded in TAAB 812 resin.
Sections of 1 um thickness were prepared using a Leica Ultracut
ultramicrotome, stained with Toluidine Blue, and examined under
a light microscope to identify regions of interest. Ultrathin sections
(60 nm thick) were cut from these selected regions, stained with
uranyl acetate and lead citrate, and observed using a JEOL JEM-
1400 Plus TEM. Representative images were acquired with a
GATAN OneView camera at 4K resolution and subsequently
processed using Image]J software (version 57).

Statistics and reproducibility

Normality of data was assessed with the Shapiro-Wilk test.
For comparison of two groups, equal variance was assessed with
an F-test. Groups of equal variances were analyzed by unpaired
two-tailed t-test. Groups of unequal variances were assessed by
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unpaired two-tailed t-test with Welch’s correction. For analysis
of three or more groups, equal variance was assessed by the
Brown-Forsythe test. Samples of equal variance were analyzed by
analysis of variance (ANOVA) followed by Tukey’s post-hoc test.
For samples where variance was not equal, Welch’s ANOVA test
with Tamhane’s T2 post-hoc test was applied. For datasets with
non-normal distribution, means were compared using the Kruskal-
Wallis test with Dunn’s multiple comparisons test. Statistical tests
are specified in figure legends. Results where p < 0.05 were
considered significant. All data was compiled from at least three
biological replicates (n = 3-5). Data is presented as the mean
=+ standard deviation (SD). All figures and statistical analyses
were produced using GraphPad Prism version 8.0.2 (GraphPad
Software Inc.).

Results

Concentration thresholds for growth of
Slthfl in (NH4)2SO4

Growth of Slthfl over 48h in increasing concentrations of
(NH4)2S04 was investigated to assess concentration thresholds of
growth in (NH4),SO4 Concentrations of 0.1 M, 0.25M, 0.5M,
0.75M and 1 M were utilized, with unamended yeast media, 0 M
(NH4)2S04, as a control. The resulting growth curves are depicted
in Figure 1A. Growth progressively declined with increasing
(NH4)2S0y4, with minimal cell density observed at 1 M (NH4)2SOy4,
Cell viability assay confirmed that Slthfl remained viable at 1 M
(NH4)2S04 after 72h incubation (Figure 1B). Growth rate and
final cell density at 48 h are shown in Figures 1C, D, respectively.
Overall, growth of Slthfl was limited by increasing concentrations
of (NH4),SO4. Growth rate was non-significant from control at
concentrations of 0.1 M (p = 0.599). Successive reduction in growth
rate compared to control was observed in 0.25M (p < 0.05), 0.5M
(p <0.01),0.75M (p < 0.01) and 1 M (p < 0.01) brines. However,
reduction in growth rate does not affect final cell density when
grown up to 0.5M (NHy),SOy; at 48 h, there was no significant
difference between the ODggo in control solutions compared to
0.IM (p = 0.766), 0.25M (p = 0.825) and 0.5M (p = 0.815).
Cell density was lower compared to control in 0.75M (p < 0.01)
and 1M (NH4)2SO04 (p < 0.01). Cell density remained above
ODgpp = 2.00 when cultivated in the control, 0.1 M, 0.25M and
0.5M (NHy4)2SOy4. Cell density was below ODgpo = 1.00 in 0.75M
(NH4)2S04 (ODggp = 0.847 + 0.448). The average cell density
of Slthfl after 48 h incubation in 1 M (NHy4),SO4 was 0.2 ODggg
=+ 0.029.

Comparative growth and water activity
analysis in ammonium and sulfate salts

The established survival limits of Slthfl in increasing
concentrations of (NH4);SO4 could be due to altered water
availability, salinity, osmotic pressure, ion induced toxicity or pH
changes. To investigate these possibilities, Slthfl was cultivated in
ammonium (NH4Cl, NH4NOj3) and sulfate salts (Na;SOy4, K;SO4)
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at concentrations of 0.1 M (Figure 2A), 0.5M (Figure 2B) and 1 M
(Figure 2C), in addition to (NHy)2SO4. Growth was assessed by
ODgpp after 48 h incubation. For comparison against ammonium
salts, (NH4),SO4 was prepared to concentrations of 0.05M, 0.25 M
and 0.5 M to ensure ionic levels of NH, were equivalent to NH,4Cl
and NH4NO3 at 0.1 M, 0.5 M, 1 M, respectively. Salinity, osmolarity
and ionic strength of each brine is displayed in Table 1. Slthfl was
also grown in unamended yeast media pH-matched to (NHy4)2SO4
brines using NaOH or HCL. Slthfl reached an ODgpp > 2 in all
brines at 0.1 M (Figure 2A). The ODggo at 48 h of Slthfl in 0.05M
(NH4),SO4 (0.1 M NHI) was found to be not significantly different
in 0.1M NH4CI (p = 0.380) and the pH-matched solution at
pH 6.38 (p > 0.999) (Figure 2A). There was a higher ODgg in
0.1 M NH4NO3 compared to 0.05 M (NH4)2SO4 (p < 0.01). When
matching the molar concentration of SOi_ ion, the ODggp at 48 h
was lower in 0.1 M (NHy4)>SO4 compared to 0.1 M Na,SOy4 (p <
0.01) and 0.1 M K,SO4 (p < 0.05). Growth in the pH-matched
solution at pH 6.38 was not significantly different from growth
in 0.1 M (NHy4)2SO4. At 0.5 M, there was no significant difference
between the ODgqp at 48 h for any of the tested brines compared to
growth in 0.25M (0.5M NH; ) and 0.5 M (NH4),SOy4 (Figure 2B)
(p-values in Supplementary Table S1), despite differential salinity,
osmolarity and ionic strengths between certain brines.

Alterations to cell density became evident when brine
concentrations reached 1 M (Figure 2C). Slthfl grew in 1 M NH4Cl
(p = 0.883) and a pH-matched solution at pH 5.8 (p = 0.933)
with a non-significant change to ODgpo at 48h compared to
0.5M (NH,4),SO4 (1M NHI). Cell density was maintained above
ODggo 1.8 in these solutions. ODgyy in 1M NH4NO3; was
lower compared to (NH4)2SO4 (p < 0.05), with a final ODggg
< 0.05 indicating severely limited growth. Thus, the molarity of

NH; ion alone does not determine growth outcomes. Growth
in 1M (NHy4),SO4 was significantly lowered compared to growth
in 1M NaySO4 (p < 0.01) and a pH-matched solution at pH
57 (p < 0.01), despite the fact that Na,SO4 displayed higher
salinity, and equal osmolarity and ionic strength compared to
(NH4)2S04 (Table 1). This confirms molarity of SOi_ alone does
not determine growth outcomes. The difference between the ODgpo
at 48h in 1M NaySO4 and the pH-matched solution at 5.7 was
found to be non-significant (p = 0.108). Water availability was
assessed by water activity measurements of the brines at each
concentration —0.1M (Figure 2D), 0.5M (Figure 2E) and 1M
(Figure 2F). The water activity of all brines was found to be
above 0.9 a,, (Figures 2D-F). There was a non-significant difference
between the a,, of ammonium salts and the a,, of sulfate salts
(p-values in Supplementary Table S2). The results of these tests
suggest that neither toxicity by individual ions, osmotic stress,
ionic strength, salinity nor pH were contributing factors that limit
growth at higher concentrations of (NH4)2SOy4.

Altered metabolites of Slthfl cultivated in
(NH4)2S04

Metabolites can indicate stress (Avci, 2024; Sharma et al,
2025), and can additionally be utilized as biomarkers in the search
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FIGURE 1

Growth dynamics of Slfth1 in increasing molar concentrations of (NH4),SO4. (A) ODeoo growth curve of Slthfl cultivated in OM (control), 0.1 M,
0.25M,0.5M, 0.75M, and 1 M (NH4)2SO4 over 48 h. Growth curves represent mean ODggp values over time + s.d. (n = 4). Error is indicated by area fill
within error bands. (B) CFU of Slfth1 following 72 h cultivation in OM (NH4)2SO4 (control, n = 3) and 1 M (NH4)2SO4 (n = 5). (C) Growth rate (1) and
(D) final ODeno at 48 h extrapolated from (A) in increasing molar concentrations of (NH4),SO4. Statistics in (B) correspond to a two-tailed unpaired
t-test with Welch's correction. Statistics in (C) and (D) correspond to Welch's ANOVA using Tamhane’s T2 multiple comparisons test. ns, no

significance; *p < 0.05; **p < 0.01.

for life (Fairén et al., 2020; Weber et al., 2023). To examine
the stress response and adaptations in (NH4),SO4, comparative
untargeted metabolomics was performed in Slthfl cultivated
under two conditions: 0.5M (NH4),SO4 and unamended yeast
media (OM (NHy4),SO4, hereafter denoted “control”). The
annotated molecular features with relative intensities underwent
multivariate and univariate statistical analysis, the results of
which are shown in a PCA scores plot (Figure 3A), volcano
plot (Figure 3B), and unpaired t-test (Supplementary Table S3).
The PCA scores plot shows clear separation of the 0.5M
(NH4),SO4 group from control group with no overlap. The
metabolites attributed to this group differentiation were identified
using univariate volcano analysis, using a fold change greater
than 2 and a p-value < 0.05 (adjusted using FDR correction).
Volcano analysis revealed significant elevation of 17 molecular
features (p < 0.05, FDR corrected), and significant reduction
of 24 molecular features (p < 0.05, FDR corrected) in 0.5M
(NH4)2S04 cultivated samples compared to control samples.
The complete volcano analysis dataset for this comparison
is shown in Supplementary Table S4. The altered metabolites
included amino acids and derivatives; there was an enrichment
of aspartate (FC = 7.24, p < 0.05) and D-allo-isoleucine (FC
= 842, p < 0.0001), and a reduction to the levels of serine
(FC = 12 x 1078, p < 0.0001), glutamine (FC=1.15 x
1078, p < 0.0001) and N-acetyl-L-aspartate (FC = 0.159, p
< 0.05) in 0.5M (NHy4),SO4 cultivated samples compared to
control samples.
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Morphological changes in (NH4)2SO4
cultivated Slfthl

Lipids were also found to be significantly altered in the volcano
analysis. Figure 4A depicts lipid alterations as Log2(FC) from
control sample. The levels of unsaturated phosphatidylcholine
(PC) 36:05 (FC = 1.6 x 10, p < 0.0001), PC (18:1/18:1) (del9-
trans) (FC = 4.83, p < 0.01), PC [16:1(92)/16:1(9Z)] (FC =
11.35, p < 0.05) and phosphatidylethanolamine (PE) 37:01 (FC
= 316 x 107, p < 0.001) and PE (O-34:03) (FC = 46.15,
p < 0.05) were higher in (NH4),SO4 cultivated Slthfl. There
were lower levels of unsaturated 40-carbon phosphatidylserine
(FC = 3.16 x 1077, p < 0.001), and a small but significant
elevation in the levels of saturated stearic acid (FC = 2.43, p <
0.01) in Slthfl cultivated in (NH4),SO4 compared to the control.
These alterations suggest cell wall modulation; morphological
changes in Slthfl cultivated in control and 0.5M (NHy),SO4
solutions are shown in Figures 4B, C, respectively. Cells in
both conditions exhibited irregular, undulating outer membrane
morphology with an enlarged periplasm between inner and outer
membrane. Cytoplasm showed an abundance of ribosomes and
nucleoids in both conditions. PHA-like granules were also apparent
in both conditions but significantly greater in number in the
control condition. This possibly suggested nitrogen limitation
in the growth media that was satisfied by addition of NH; in
cells cultivated in 0.5M (NH4),;SO4. Cells without membranes,
indicating cell lysis events, were evident with greater occurrence in
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Cell density and water activity of Slfth1 cultivated in ammonium and sulfate salts of matched molar concentrations of NH, and SOi’. (A—F) Aqueous
solutions are represented by the following patterns: (NH4),SO4—solid yellow; NH4Cl—green with diagonal stripes; NH4NOz—green with vertical
stripes; Na,SO4—dotted orange; K,SO4—checkered orange; pH—solid purple to pink scaling with alkaline to acidic pH. (A—C) Final ODgqq following
48h incubation of Slfth1 in salts with matched molar concentrations of NH} and SO3~ ions at concentrations of (A) 0.1 M, (B) 0.5M, and (C) 1 M, as
well as solutions of matched pH made by NaOH and HCL. Statistical tests employed: one-way ANOVA with Tukey's post-hoc test for 0.1 M (NHy4),SO4
vs. 0.1 M sulfate salts (A) and 0.25M (NH4)2SO4 vs. 0.5 M ammonium salts (B); the Kruskal-Wallis test using Dunn’s multiple comparisons test for
0.05M (NH4)2SO4 vs. 0.1 M ammonium salts (A) and 0.5M (NH4),SO4 vs. 0.5 M sulfate salts (B); iii) all comparisons in (C) were made by Welch's
ANOVA using Tamhane's T2 multiple comparisons test. (D—F) Water activities of salts with matched molar concentrations of NH4+ and SOff ions at
(D) 0.1 M, (E) 0.5M, and (F) 1 M. Statistical comparison of ammonium and sulfate salts occurred separately. Statistical tests employed: one-way
ANOVA with Tukey's post-hoc test for 0.1 M (NH4)2SO4 vs. 0.1 M sulfate salts (D); Kruskal-Wallis test using Dunn’s multiple comparisons test for
0.05M (NH4)2SO4 vs. 0.1 M ammonium salts (D) and 0.25M (NH4)2SO4 vs. 0.5 M ammonium salts (E); Welch's ANOVA using Tamhane's T2 multiple
comparisons test for 0.5 M (NH4)2SO4 vs. 0.5 M sulfate salts (E) and 0.5M (NH4)2SO4 vs. 1 M ammonium salts (F); unpaired two-tailed t-test for
comparison of 1 M (NH4)2SO4 vs. 1 M NaxSO4 (F). All a,, comparisons were found to be non-significant. ns, no significance; *p < 0.05; **p < 0.01.

conducted using the MetaboAnalyst 6.0 platform. Significantly
altered metabolites in the unpaired t-test (Supplementary Table S3)
that were also identified as altered in the pathway analysis
are depicted in box and whisker plots in the following
sections. Pathway analysis identified 12 significantly (p <
0.05) altered pathways. Figure 5A depicts the altered pathways.

the (NHy4),SO4 cultivated cells. There was electron-dense material
observed between cells cultivated in (NH4),SO4 that may indicate
microbial interactions with (NHy4),SOy4.

(NH4)2SO4 cultivation reduces abundance
of the nitrogen metabolism metabolite
glutamine

To identify pathways altered upon 0.5 M (NH4),SO4 exposure,
a pathway enrichment analysis of the annotated metabolites was
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Associated significance values are in Supplementary Table S5. The
altered pathways correspond to sphingolipid, nitrogen, purine,
glyoxylate and dicarboxylic, amino acid, folate, pyruvate, butanoate
metabolism and the citric acid cycle. The levels of serine were found
to be lower in 0.5 M (NHy4),SOy4 cultivated cells relative to control
samples (p < 0.0001). This resulted in the pathway of sphingolipid
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metabolism to appear significantly altered. However, based on the
complete genome of Slthfl, we do not believe this organism to be
capable of sphingolipid metabolism. The next most significantly
altered pathway corresponded to nitrogen metabolism, attributed
to the significant reduction to glutamine (p < 0.0001) in
(NH4),S04 samples compared to control samples. Glutamate
was not identified as significantly altered. The reduced levels of
glutamine could suggest, in NH] surplus, nitrogen assimilation
shifted from utilizing glutamine. The proposed alternative pathway
for nitrogen metabolism is presented in Figure 5B.

(NH4)2SO4 lowers purine levels in Slthfl

Numerous metabolites involved in purine metabolism were
identified as altered (22/70) following 0.5 M (NHy),SOy4 cultivation
(Figure 5A). Figure 6 depicts boxplots of the metabolites

TABLE 1 Osmolarity, salinity and ionic strength of 0.05 M (NH4)2S04 and
0.1 M (NH4)2504, NH4Cl, NH4NO3, NazSO4, and K2S04 solutions utilized
in this study.

10.3389/fmicb.2025.1642998

within purine metabolism that were found to be significantly
altered in both the pathway and volcano analysis—glutamine
(p < 0.0001), deoxyguanosine (p < 0.001), guanosine (p <
0.0001), hypoxanthine (p < 0.0001) and inosine (p < 0.0001).
The KEGG pathway for purine metabolism attributes these
molecules to purine biosynthesis (glutamine) (Figure 6A), guanine
metabolism (deoxyguanosine, guanosine) (Figure 6B) and adenine
ribonucleotide degradation (hypoxanthine, inosine) (Figure 6C).
Pathway analysis also identified 3,5 -cyclic-GMP as significantly
elevated (p < 0.05) and adenine as significantly reduced (p <
0.05) in 0.5 M (NHy),SO4 cultivated samples compared to control,
further suggesting reduced turnover of 3',5-cyclic-GMP for
production of guanine and reduced adenine biosynthesis.

Changes to amino acids detected in
(NH4)2SO4 cultivated Slthfl

Pathway analysis indicated four amino acid pathways altered
in response to 0.5 M (NH4),SO4 cultivation (Figure 5A). Box plots
of the altered metabolites identified in the pathway analysis related
to amino acid metabolism that were also found to be altered in

Solution Osmolarity  Salinity lonic the volcano analysis are depicted in Figure 7. These correspond
(Osm/L) (ppt) strength (M) to the metabolism of glycine, serine and threonine (p < 0.001)
0.1 M NH,Cl 0.20 0.0054 0.10 (Figure 7A), D-amino acids (p < 0.01) (Figure 7B) and alanine,
0.1 M NH,NO; 020 00080 010 aspartate and glutamate (p < 9.001) (Flgu.re 7C). All com'pansor'ls
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0.05M (NH4),804 0.15 0.0066 0.15 out of 33 total metabolites were found to be altered in glycine,
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Lipid analysis and morphology of Slthfl growth in (NH4)2SO4. (A)
Phospholipid alterations of Sltfh1 cultivated in 0.5M (NH4)2SOa4.
Alterations are depicted as Log, fold-change (FC) from control
samples (OM (NH4)2SO4). Lipids depicted had a FC greater than 2
and were also identified as significantly altered (p-value < 0.05) in
the volcano analysis. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine. (B, C)
Transmission electron microscopy (TEM) micrographs depicting
morphology of SIfth1 harvested for metabolomics when ODggp =
0.5at 28hin (B) OM (NH4)2SO4 (control) (C) 0.5M (NH4),SOy4. Light

(Continued)
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yellow numbered items and arrows refer to the following biological
components: 1, undulating outer membrane; 2, periplasmic space;
3, inner membrane; 4, nucleoid; 5, cytoplasm; 6, PHA-like granule;

7, lysed cell; 8, electron-dense material.

Four metabolites related to D-amino acid biosynthesis were found
to be altered. These included significantly lower levels of serine (p
< 0.0001). It is notable that D-allo-isoleucine was also found to be
significantly elevated in the volcano analysis (p < 0.001). In alanine,
aspartate and glutamate metabolism, 11/28 metabolites were found
to be altered. These included significantly higher levels of aspartate
(p < 0.01), fumarate (p < 0.0001), and significantly lower levels of
N-acetyl-L-aspartate (p < 0.01), glutamate (p < 0.05), glutamine
(p < 0.0001) and succinate (p < 0.05). Not depicted in Figure 7,
the significant reduction to the levels of glutamate (p < 0.05) and
glutamine (p < 0.0001), and significant elevation to the levels of
aspartate (p < 0.01) and fumarate (p < 0.0001), were also relevant
to arginine metabolism.

Differential metabolite abundance
indicates modulations to energy and
carbon metabolism

The citric acid cycle was found to be significantly altered (p
< 0.05) in the pathway analysis (Figure 5A). Pathway analysis
revealed significant reduction to succinate (p < 0.05) and
elevation to fumarate (p < 0.0001) in the 0.5M (NHy4),SO4
cultivated sample compared to control. It is notable that
elevated levels of O-succinyl-homoserine (FC = 1.44 X 10°,
p < 0.0001), a succinate precursor, and reduced levels of 4-
Guanidinobutanoate (FC = 0.431, p < 0.05), a product of arginine
degradation which is subsequently converted to succinate, were
also identified in the volcano analysis. Figure 8A depicts box
plots of significantly altered metabolites in the citric acid cycle
identified in both the pathway and volcano analysis. Pyruvate
metabolism was also found to be significantly altered (p < 0.01)
with significant alteration to fumarate (p < 0.0001), and non-
significant alteration of (S)-lactate (p = 0.269) and pyruvate (p
= 0.116). Reduced levels of glutamate (p < 0.05), succinate (p
< 0.05), and acetoacetate (p = 0.119) in the 0.5M (NHy4),SO4
cultivated cells compared to control also caused butanoate
metabolism to be found as significantly altered (p < 0.01).
The most significantly altered pathway was that of glyoxylate
and dicarboxylate metabolism (p < 0.001). Three metabolites
of this pathway were found to be significantly reduced in the
0.5M (NHy4),SO4 cultivated cells compared to control: glutamate
(p < 0.05), glutamine (p < 0.0001) and serine (p < 0.0001).
Figure 8B depicts box plots of significantly altered metabolites in
the glyoxylate cycle identified in both the pathway and volcano
analysis. Notably, we additionally found the methylaspartate cycle
intermediate N-methylaspartate to be reduced in the volcano
analysis (FC = 0.108, p < 0.05) in (NHy),SOy4 cultivated cells
(Figure 3B).
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Altered pathways in Slfth1 cultivated in 0.5M (NH4)2SO4. (A) Scatter plot of KEGG pathways identified in the metabolomics dataset. Altered pathways
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synthase (GOGAT) pathway, thus reducing glutamine relative to control samples. Nitrogen assimilation occurs preferentially by the glutamate
dehydrogenase (GDH) pathway. Chemical structures were created using ChemDraw. ****p < 0.0001.

Discussion

To assess the habitability of environments on other celestial
bodies, it is valuable to first establish the known limits of life
on Earth. (NH4),SO4 could be a constituent of the surface of
Europa (Mermy et al., 2023) delivered from the ocean below,
and a major salt within the subsurface ocean of Titan (Fortes
et al., 2007; Grindrod et al., 2008). These icy moons have strong
astrobiological interest due to the presence of liquid water (Carr
1998; Pappalardo et al, 1998; Bills and Nimmo, 2011;
Nimmo and Pappalardo, 2016) and putative physicochemical

et al.,

properties suitable for the emergence of life. In this work, we
provide insights into the relationship between (NH4),SO4 and
environmental habitability by investigating molar thresholds for
growth, alterations to morphology and the metabolite profile of a
hydrothermal vent extremophile, Slthfl, cultivated in (NH4),SOy4.

Our work showed that concentrations at and exceeding 0.25M
(NH4)2S04 caused a distinct alteration to growth rate, while
concentrations at and exceeding 0.75 M reduced final cell density.
The molar limits established agree with that determined in B.
subtilis, in which optical density when cultivated in (NHy4),SO4
remained unchanged until 0.76 M (Hamill et al., 2020). However,
reduction to growth rate has been recorded at a higher molar limit
in B. subtilis—0.375 M (Miiller et al., 2006) and 0.5 M (NHy4),SO4
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(Hamill et al., 2020), as well as in Escherichia coli (0.375M
(NH4)2S804), and C. glutamicum (1 M (NHg)2SO4) (Miiller et al.,
2006). Slthfl did not exhibit complete cell death at 1 M (NHy)2SOy4,
as also observed for C. glutamicum at this concentration (Miiller
et al, 2006). Thus, we propose concentrations up to 1M
(NH4)2S04 do not limit habitability for Slthfl but do affect cell
density and growth rate.

In agriculture, application of (NHy4),SOy fertilizer is found to
alter bacterial community structure and diversity; these effects are
attributed to intrinsic changes in pH (Khonje et al., 1989; Toljander
et al., 2008; Zhang et al., 2017). Our results show pH-independent
influence of (NHy4)2SO4 on bacterial density. In B. subtilis, E. coli,
and C. glutamicum, changes to growth kinetics upon treatment
with (NH4),SO4 or Na;SO,4 have been found to be near identical,
indicating toxicity by osmolarity or ionic strength as opposed to
the specific effects of (NH4)2SO4 (Miiller et al., 2006). We advance
the current understanding of the limits of life in (NH4),SO4 by
presenting a new perspective on ammonium salt toxicity in Slthfl -
we indicate the presence of both NH; and SOi_
to individual ionic toxicity, salinity, osmotic or ionic strength,

ions, as opposed

as the source of reduction to growth rate and cell density. Our
experiments show that when ionic concentrations of NH; were
equal to 1 M (0.5M (NH,4)2SOy), there was no statistical difference
between growth in 0.5 M (NH4),SO4 and 1 M NH,4Cl, but growth
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was comparatively reduced in 1 M NH4NO3. Likewise, when SOi_
concentrations were equal to 1 M (1 M (NH4),SO4, 2M NHI) the
levels of cell density were significantly less compared to those in 1 M
Na,SOy brines also containing 1 M SO4 (2M Na™). There was no
correlation between NH,4 and SOi_ toxicity separately, and changes
in cell density were also not accounted for by differences in pH,
water activity, osmolarity, ionic strength or salinity.

(NH4)2S0y4 is the most kosmotropic salt utilized in this study,
while NH4NO3; and Na,SO4 represent the most chaotropic salts
(Cacaceetal., 1997; Zhang and Cremer, 2006). However, chaotropic
and kosmotropic properties alone are not typically predictors of
habitability (Stevens and Cockell, 2020). We propose (NHy4)2SO4
may repress cell density due to altered NH; assimilation promoted
by the metabolism of SOi_, the effects of which become apparent
when concentrations of NH; exceed 1M. Indeed, untargeted
metabolomics revealed O-succinyl-homoserine was found to
be significantly elevated in (NHy4),SO4 cultivated Slthfl. This
metabolite is part of the sulfur assimilation pathway (Vermeij and
Kertesz, 1999; Ferla and Patrick, 2014; Kim et al., 2024).

Significantly lowered levels of glutamine,

a nitrogen
assimilation metabolite, were also detected in Slthfl cultivated in
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(NH4),SOy4. This reduction coincides with other studies of NHI
stress, whereby genes in nitrogen assimilation have been found
to be altered in Nitrobacter winogradskyi (Sayavedra-Soto et al,
2015), and nitrogen reduction reactions reduced in Methylomonas
sp. ZR1 (Guo W. et al., 2024). Under low NH; conditions nitrogen
metabolism occurs by the glutamine synthetase-glutamate synthase
(GS-GOGAT) pathway, whereby NH; is converted to glutamine
and subsequently to glutamate, the primary nitrogen reservoir
(Nagatani et al, 1971; Bravo and Mora, 1988; Schreier et al.,
1993). Under high NH; conditions, the glutamate dehydrogenase
(GDH) pathway predominates, whereby o-ketoglutarate and
NH are converted to glutamate (Kanamori et al., 1987; Reitzer,
2003; Legendre et al., 2020). We propose Slthfl utilized the GDH
pathway under high (NHy4),SO4. The GDH pathway produces
glutamate, but does not rely on glutamine, which coincides with
the t-test results showing non-significant change in glutamate and
significant reduction to glutamine in (NH4),SOy4 cultivated Slthfl
compared to the control sample without (NH4),SO4. Similarly, a
downregulation to transcripts in the GS-GOGAT pathway has been
observed in Enterobacter cloacae HNR under NH4 " stress (Weng
etal., 2022), but conversely upregulated in Nitrobacter winogradsky
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Nb-255 (Sayavedra-Soto et al., 2015). Due to a lower affinity for
NH4", GDH is less efficient in producing glutamate than GS
(Wakisaka et al., 1989; Yan et al., 1996), which may contribute to
the observed reduction in growth rate of (NHy4),SO4 cultivated
Slthfl. The underlying cause for GDH-dependent synthesis of
glutamate is beyond the scope of this study but can be speculated.
GS may be regulated by the Na*/K* pump or Ca?* (Benjamin,
1987), and is linked to an intracellular KT pool (Yan et al., 1996).
Given that NH, can compete with K* transport through ion
channels (Moser, 1987) and has also been implicated in disrupting
Ca®* homeostasis (Wang et al., 2018), it is possible the presence of
NH; could disrupt the internal K and Ca?* balance that regulates
GS activity. Notably, no GS or GOGAT activity has been detected
in B. pasteurii grown in 0.04 M NHI (Morsdorf and Kaltwasser,
1989), an organism that has shown ammonia-dependent oxidation
of glutamate (Wiley and Stokes, 1962, 1963).

Transamination reactions with glutamate generate amino
acids, purines and pyrimidines, and catabolism of glutamate
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provides intermediates for the citric acid cycle (Commichau
et al, 2006; Walker and van der Donk, 2016). We observed
reduced levels of amino acids (serine and N-acetyl-L-aspartate)
and reduced metabolites in guanine synthesis, adenine synthesis
and adenine degradation (guanosine, inosine, hypoxanthine) in
Slthfl under (NHy4),SOy cultivation. These changes could indicate:
(i) implementation of energy saving adaptations such as reducing
amino acid and nucleotide biosynthesis, (ii) a shift to catabolism
for energy production as suggested by an inferred reduction to
amino acid pools and nucleotides, and (iii) increased turnover
of guanosine, inosine and hypoxanthine for synthesis of energy
carrier molecules guanosine triphosphate (GTP) and adenosine
triphosphate (ATP).

Lower levels of amino acids and purine metabolites have
also been identified in Pseudomonas RCH2 when grown in
media without ammonia (Kurczy et al.,, 2016). Nutrient-limiting
conditions promote catabolic processes. Under stress, cells require
more energy to sustain protective and adaptive responses. It is
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Recognized metabolites of carbon and energy metabolism. Box plots showing significantly altered metabolites involved in (A) the citric acid cycle
and (B) the glyoxylate cycle. Reduction and elevation from control is indicated by a downward red arrow and upward green arrow, respectively.
Downstream and upstream metabolites according to the relevant KEGG pathway are depicted or indicated by a solid black dot. The box and whiskers
summarize the normalized values with mean indicated by a yellow diamond and the central line indicating the median black dots representing the
values from all samples (n = 3). Box and whiskers were generated using MetaboAnalyst 6.0 and edited for visual clarity in Inkscape. ns, no

significance; *p < 0.05; ****p < 0.0001.

therefore plausible changes to guanosine, inosine, hypoxanthine
levels were reflective of an internal stress response to meet energy
demands in response to (NHy),SOy4. In accordance with this, we
observe the relative abundance of citric acid cycle intermediate
fumarate to be elevated in (NH4),SO4 cultivated cells. However,
we also observed reduced levels of citric acid cycle intermediate
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succinate. In the canonical citric acid cycle, succinate is oxidized to
fumarate by succinate dehydrogenase. The differential alterations
to these metabolites could indicate upregulation of the succinate
to fumarate conversion, or reduced input from the glyoxylate cycle
under stress conditions. In the latter case, succinate is liberated
by cleavage of isocitrate and funneled into the citric acid cycle.
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A reduction to metabolites in the glyoxylate cycle in Slthfl was
indicated by pathway analysis. We also found several precursor
molecules to key intermediates in the citric acid cycle and butanoate
metabolism were reduced. This is suggestive of altered carbon
metabolism. Indeed, citric acid cycle genes have been found to be
down regulated in E. cloacae HNR exposed to high NH; (Weng
et al., 2022).

The reduced levels of metabolites in citric acid cycle, the
glyoxylate cycle and butanoate cycle suggest utilization of an
alternative mechanism of catabolism. Notably, fumarate also feeds
the methylaspartate cycle. We find the methylaspartate cycle
intermediate N-methylaspartate to be reduced in (NHy),SO4
cultivated cells. The methylaspartate cycle has been characterized in
haloarchaea and involves the processing of acetyl-CoA by a series
of reactions to malate, a starting substrate for anabolism. Within
this process, methylaspartate is converted to N-methylaspartate
and then mesaconate (Khomyakova et al, 2011; Borjian et al,
2016). Albeit reduced, the detection of N-methylaspartate could
indicate an active methylaspartate cycle, in turn indicating a less
active glyoxylate cycle. We can surmise these alterations to key
intermediates and precursor molecules as an indication of altered
energy and carbon metabolism induced by high concentrations
of (NHy4)2SOy4. This aligns with previous studies that show NHI
exposed bacteria alter central carbon pathways and the citric acid
cycle (Sugden et al., 2021; Guo L. et al., 2024).

Currently, the planetary habitability and compositions of
extraterrestrial aqueous environments, until measured, can only be
speculated. The ocean of Europa is estimated to be predominantly
composed of MgSOy (McCord et al., 1998; Kargel et al., 20005
Zolotov and Shock, 2001) or chloride salts (Brown and Hand, 2013;
Hand and Carlson, 2015; Ligier et al., 2016), and thus could have a
lower concentration of ammonia and (NH4),SOy, if any, than Titan
(Kargel, 1991). Titan is expected to have formed with up to 15%
ammonija (Lunine and Stevenson, 1987; Engel et al., 1994; Tobie
etal., 2005) and could contain an ocean of (NH4),SO4 (Fortes et al.,
2007; Grindrod et al., 2008). Our results showed a reduction to
growth rate and cell density with increasing (NHy4),SO4. However,
we found that Slthfl cells remained viable at concentrations up
to 1M (NH4),SO4 2 M NHI). This data cannot suggest whether
icy moons oceans are or have been inhabited but can suggest
that substantial concentrations of (NH4),SO4 may not necessarily
preclude survival of terrestrial bacteria in highly concentrated
(NH4),S04 aqueous environments. Such conditions could be
relevant to the subsurface oceans hypothesized on icy moons like
Europa and Titan. The findings reported in this study also have
terrestrial applications. For instance, application of 35 g/m? of
(NH4),SOy fertilizer, as advised for some commercial fertilizers,
could yield a molarity of 2.64 M when dissolved in 100 mL water.
At concentrations equal to and below 1M, our results showed
that (NHy4),SO4 slowed growth rate and reduced cell density, as
well as altered metabolites associated with growth processes in
nitrogen, carbon and energy metabolism, purine metabolism and
amino acid metabolism. These cellular and molecular effects could
correlate with alterations to bacterial populations, richness and
diversity observed in literature when soil is treated with (NH4),SO4
(Gorissen et al., 1993; Witter et al., 1993; Toljander et al., 2008). This
further establishes that (NH4),SO4 can affect susceptible terrestrial
bacteria when applied.
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Stress responses and metabolites in bacteria can act as potential
biomarkers for life (Kort et al, 2008; Goordial et al., 2017;
Moreno-Paz et al., 2023). For this reason, instruments capable
of metabolite detection have been considered for life-detection
missions (Weber et al., 2023; Wronkiewicz et al., 2024). Under
(NH4)2SOy4 cultivation, we detected higher levels of phospholipids
PC and PE with monounsaturated 16:1 and 18:1 lipids in
Slthfl cultivated in (NHy),SOy4. Similar biomarkers have been
reported in heterotrophic nitrification-aerobic denitrification (HN-
AD) bacteria and E. cloacae HNR exposed to high NH; (Weng
et al., 2022; Guo L. et al., 2024). In halophiles, this modification
may support survival under salt stress by enhancing membrane
fluidity (Lopalco et al,, 2013). Fatty acids are also synthesized
by halophiles under salt stress (Liu et al., 2015); we observed a
small elevation to stearic acid in Slthfl. However, given the low
salinity of the (NH4),SO4 solution, Sltthl did not demonstrate
many other metabolomic markers characteristic of osmotic stress
(e.g., accumulation of compatible solutes) (Saum and Miiller,
2008). We recognize the (NH4),SO4 media utilized in this study
was simplistic. This was intentional, as we aimed to probe the
specific effect of (NH4),SO4 on life. A natural progression of
this work would be to investigate survival limits and physiology
under multi-extremes. Brines simulating the putative composition
of fluids in the oceans of Europa and Titan (such as the
incorporation of MgSOy4 or sodium ions) would be particularly
valuable in identifying physiological markers of life in aqueous
(NH,4),SO4 environments.
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6.3 Conclusion

While the habitability of extraterrestrial habitats can only be defined by direct sampling of
these environments, the potential for habitability and biology as we know it can be explored
using Earth bacteria. The results presented in this chapter characterise the habitability thresh-
olds, underlying toxicological impacts, and physiological changes of H. meridiana within
concentrated aqueous (NH4),SO, relevant to icy moon and Earth environments. H. meridiana
was first exposed to increasing concentrations of (NH,4),SOy, to establish the limits of life. The
habitability thresholds of H. meridiana in (NH4),SO,4 were high; cultures remained viable
inup 1 M (NH4),SO,4. However, while cells were viable, toxic effects were evident as cell
number was reduced compared to control conditions (0 M (NH4),SO,), and growth rate and
final cell density decreased onward from 0.25 M and 0.75 M (NH4),SOy, respectively.

Comparative assessment of H. meridiana cell density in ammonium salts (ammonium chlo-
ride, ammonium nitrate) and sulphate salts (sodium sulphate, potassium sulphate), where
ionic concentrations were matched to (NH4),SO, revealed that changes to the proportion
of dissolved NH,* or SO4*, salinity, osmotic pressure, pH, or water activity did not ac-
count for the cell density changes observed. In aqueous solution, (NH4),SO, dissociates
into NH,* and SO,* ions. This indicated that toxicity in (NH4),SO4 may have been driven
by a combined effect of NH,* and SO,4% on the cell, as opposed to intact (NH4),SO, molecules.

However, the relative behaviour of NH4* and SO4* may vary with environmental parameters
such as pH, temperature, and salinity. Therefore, we must also consider that the differen-
tial effects on growth may have arisen from changes to these parameters. Temperature was
constant, so any effects on solubility or temperature-dependent alterations to pK, should
have remained stabilised across each condition. Salinity and ionic strength increased with
increasing concentration of (NH,),SO,. This is significant as increasing salinity can alter ion
activities and favour ion pairing, where weak and transient electrostatic interactions would
occur between ions such as NHy* and SO, (Raeispour Shirazi et al., 2025). Ton pairing can
improve permeation of compounds across lipid membranes (Cristofoli et al., 2021), a possible
mechanism accounting for the elevated toxicity of (NH4),SO4 with concentration. Likewise,
pH must be considered. As concentrations of (NH,4),SO, increased, pH became more acidic.
Lower pH can promote partial protonation of SO4* to HSO,™ (Vielma and Hefter, 2022). It is
plausible the creation of this molecule may have contributed to the greater toxicity observed
with increasing concentration, although literature demonstrating HSO,™ as a toxic ion is limited.

Similarly, the effect of water activity (ay,) could also be discussed. While there appeared
to be no correlation between the a,, of a solution and the level of growth observed by H.
meridiana within the ammonium and sulphate salt solutions, a,, would lower as concentrations
of (NH4),SO, increased. Indeed, it can be observed that the a,, of the 0.1 M (NH4),SO4 (0.1
M SO.,?%) solution is 0.96, while the a,, of the 1 M (NH4),SO.4 (1 M SO,*) solution is 0.94.
The lower limit of a,,, where cell division is permitted, extends to 0.6 a,, (Stevenson et al.,
2015, Grant, 2004). However, even small changes in a,, can impact growth. Predictive models
that depict growth rate versus a,, show a smooth but non-linear decline in growth rate as a
decreases. In some bacteria, decreasing a,, from 0.96 to 0.94 can result in an almost two-fold
reduction in growth rate (Peleg, 2022). This means that even a small decrease in a,, by 0.02
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has the potential to result in noticeable growth limitations, and may account for, or at least
contribute to, the lower growth levels of H. meridiana observed at 0.1 M (NH4),SO, versus 1
M (NH4),SO,.

An additional physicochemical factor that may contribute to the observed physiological re-
sponses of H. meridiana in (NH4),SO, solutions is the kosmotropic or chaotropic nature of
dissolved ions. Kosmotropic ions stabilise hydrogen-bonding networks in water and promote
macromolecular stability, whereas chaotropic ions weaken water structure and destabilise
biomolecules such as proteins, membranes and nucleic acids (Collins and Washabaugh, 1985,
Ball and Hallsworth, 2015). SO4* is widely recognised as a strongly kosmotropic anion within
the Hofmeister series, while NH,* occupies a comparatively weaker kosmotropic position
and can exert destabilising effects at elevated concentrations (Zhang and Cremer, 2006). In
microbial systems, chaotropic or strongly hydrated ionic environments have been shown to
influence protein folding, membrane integrity and metabolic activity, ultimately constraining
growth once critical thresholds are exceeded (Cray et al., 2013). Consequently, the combined
ionic effects present in solutions of increasing (NH4),SO4 may generate physicochemical
stresses that extend beyond simple osmotic, salinity, ionic strength, or pH effects, and could
account for the greater toxicity observed. While kosmotropicity and chaotropicity are usually
not indicators of habitability by themselves (Cockell et al., 2020), these findings highlight that
the habitability of (NH,),SO,-rich oceans may also depend on kosmotropic and chaotropic
balance, which could influence the stability of biomolecules and the functionality of cells.

Subsequent analysis of cellular changes indicated that cell morphology was unaffected by
the presence of (NH,4),SOy. Internal structures were comparable to that of the control at 0 M
(NH4),SO,4. However, molecular alterations were evident. Most prominently, lowered levels
of the metabolite glutamine were observed in H. meridiana exposed to (NH4),SO,. This is
significant as glutamine forms a vital part of many essential metabolic pathways. As such,
purine metabolites were found to be reduced, with major alteration to amino acids, and there
were also changes to metabolites within nitrogen, carbon, and energy metabolism pathways.
Reduced levels of glutamine could be a clear mechanism of toxicity by (NHy),SOy.

When assessing the potential for habitability, the presence of ammonia within Europa is not
currently known. Europa is often modelled with an ammonia-water ocean, however, it is likely
the heat of the Jovian nebula would have precluded significant incorporation of ammonia into
this satellite. It is therefore unlikely that the ocean of Europa hosts an ocean that exceeds
1 M NH,*, a concentration in which H. meridiana was found to remain viable. On Titan,
ammonia incorporation is thought to be more significant and could possibly exceed 1 M
NH,*. Application of (NH4),SOy fertilizer could in some instances raise the concentration
of (NH4),SO, to above this level. This is significant as, even in concentrations below 1
M (NH,4),S0Oq, it is evident that (NH4),SO,4 can slow growth rate and diminish cell density
of H. meridiana, in addition to altering vital metabolisms. The presence of (NH4),SOy in
terrestrial environments and extraterrestrial oceans may not preclude the existence of life but
may constrain the rate at which biology such as this could emerge or be sustained, or altogether
change the typical metabolisms we might expect to observe.
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7.1 Thesis outcomes

The motivation for this thesis was to answer key knowledge gaps that limited the current
understanding of bacterial habitability in aqueous ammonia. Dissolved NH3;/NH,™, volatilized
NH3, and (NH4),SO, salt were utilised. The first knowledge gap addressed was in regard to the
survival thresholds of a bacteria in aqueous ammonia, particularly for an extremophile bacteria.
The contribution of external changes in pH to observed ammonia toxicity was also considered.
The second knowledge gap investigated was the physiological response to aqueous ammonia.
The final knowledge gap explored pertained to the influence of dispersed gaseous NH3 on
habitability in local and distant bacterial cultures. By exploring these facets, this thesis aimed
to contribute to a wider understanding of habitability in ammoniacal waters. This should
provide a foundation in which to better estimate the potential for habitability in icy moon
oceans that contain ammonia, as well as to better understand the implications of ammonia
pollution on terrestrial ecosystems.

Most substances exert a deleterious effect on microbial growth once a certain concentration

threshold is exceeded, either by altering the chemical environment or by eliciting biological
disruptions. In Chapter 4, I showed that there is a distinct habitability limit of 0.05 M ammonia
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for the extremophile H. meridiana in an aqueous, closed-air ammonia system where the
relative proportion of NH; to NH4* was high. In opposition to literature utilising neutrophilic
bacteria, these growth alterations were shown to be distinct from an external rise in pH and
were thus conferred through specific ammonia-driven reactions. A higher survival threshold of
0.25 M ammonia was established in ammonia solutions where NHj gas escape was permitted.
Not only was there distinct survival thresholds, but ammonia could also exert morphological
changes on the cell that were not observed in high pH conditions. The molecular response
to ammonia was primarily that of high pH adaptations, however, some unique ammonia-
driven reactions were observed. This suggested that, if ammonia concentrations are above
the survival thresholds established, ammoniacal waters may limit the habitability potential in
a pH-independent manner for organisms with similar physiologies to H. meridiana. This is
important when considering appropriate celestial targets and biosignatures in the search for
life, as well as how ammonia pollution may shape bacterial community structure and diversity
in afflicted terrestrial environments.

Some toxic substances are relatively immobile in the environment and tend to remain where
they are deposited. Others can migrate through the atmosphere, water or solid environments.
NHj; is a gas at standard pressure and temperatures above -33.3 °C. On icy moons, ice shell
environments may accommodate these parameters, and entrain or adsorb NHj gas as it is
expelled from the ocean below. On Earth, such conditions are common in the environment, and
NHj; escape was recorded in Chapter 4. Thus, in Chapter 5, I considered ammonia dispersal
from an aqueous source to surrounding environments without ammonia. The implications
for H. meridiana habitability in local and distant environments were assessed. I found that
NHj; gas dispersed from a central source and dissolved into surrounding aqueous cultures
of H. meridiana. Exposed cultures observed extended lag phase duration, slowed doubling
time, reduced cell density, and reduced cell viability. The effect was both spatial and temporal.
At lower concentrations (i.e., 0.1 M, 0.25 M), ammonia elicited a smaller radius of effect
on cell density. Cell density could recover over time as ammonia dispersed. The opposite
was true for higher concentrations (i.e., 0.5 M, 1 M). The radius of effect was larger and cell
density did not recover completely over time. A nuanced discovery was also made; adjacent
exposure to lower concentrations of ammonia enhanced final cell density. When adjacent to
0.1 M ammonia, ammonia concentrations were below 0.04 M at 4 h and cultures exhibited
a higher cell density and similar growth rate to control conditions without ammonia. This
further supported the finding in Chapter 4 that concentrations at and below 0.05 M ammonia
are habitable. Ammonia can therefore benefit growth as a nitrogen source as well as have a
detrimental effect on bacterial propagation, depending on concentration.

NHj; is frequently characterised as the toxic component of ammonia, but it is known NH,*
can also independently elicit toxic cellular effects. Near neutral aqueous environments are
theorised on Europa, and are common in terrestrial environments. To fully characterise the
impacts of aqueous ammonia, it was therefore pertinent in Chapter 6 to define the limits of
habitability in NH4* as well as the physiological effects. Namely, (NH,4),SO, was investigated.
(NH4),SOy is a salt that could feature within the oceans of Europa and Titan, and is a
common fertilizing agent on Earth. I found that the habitability threshold for NH,* habitability
was high. Cultures of H. meridiana remained viable up to 1 M (NH4),SO,4. However, in
accordance to literature indicating (NH,4),SOy can alter bacterial diversity, I found growth rate
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and cell density declined as concentrations of (NH4),SO, increased. Disruption to pathways
in nitrogen, carbon, and energy metabolism were also evident. This suggested that (NH4),SO4
could constrain the proliferation and metabolism of bacteria with physiologies similar to H.
meridiana if at a growth limiting concentrations. However, ammoniacal waters with a high
relative abundance of NH;™ may not eliminate viability, and thus habitability, altogether at
molar level concentrations.

7.2 Implications for habitability: icy moons

Icy moons Enceladus, Titan, and Europa could present conditions favourable for prebiotic
chemistry; there is availability of liquid water, energy, heat, nutrients, and organics. Hydrother-
mal vent systems could be present on Enceladus and Europa, similar to those on Earth that
are believed to have supported the origin of life (Glein et al., 2007, Matson et al., 2007, Hand
et al., 2007, Vance et al., 2007). On Titan, there are extensive hydrocarbon systems that mirror
the hydrological cycle on Earth (Stofan et al., 2007, Turtle et al., 2009, Poggiali et al., 2024).
For these reasons, icy moons are prominent targets in the search for life beyond Earth. But,
not all conditions on these moons are favourable for life as we know it. There are extremes of
temperature and pressure exceeding those even possible on Earth, such as near -200 °C icy
surfaces (Brown et al., 2006, Jennings et al., 2019, Ashkenazy, 2019) and oceanic pressures of
8000 bar (Journaux et al., 2020). There are also the extremes of ammonia. Due to a lack of
natural environments on Earth where ammonia is present beyond trace levels, there is in turn a
lack of organisms that can survive in higher concentrations of ammonia and the limits of life
in ammonia are not properly defined.

The results presented in this thesis have immediate implications for astrobiology. The in vitro
experiments presented suggest that the concentrations of ammonia present on Enceladus would
not constrain the viability of terrestrial bacteria. H. meridiana could remain viable up to 0.05
M ammonia in a closed-air system where 62% of ammonia was present as NH;. On Enceladus,
the molar concentration of ammonia is estimated at ~0.0188 M, with a dominance of NHj.
Within the ice shell of Enceladus, ammonia may migrate from the ocean or via ice adsorption
into brine channels. This thesis presents results that indicate ammonia can disperse from a
concentrated source and dissolve into nearby aqueous habitats. This was shown to either aid
bacterial propagation (< 0.05 M NH3;) or limit bacterial propagation (> 0.05 M NHj3) based on
the concentration of ammonia that remains following transport. Several scenarios are plausible
on Enceladus: (i) ammonia is not delivered to ice shell brine networks and thus is at trace
or null levels, (ii)) ammonia in brine networks may be directly derived from the ocean and
thus equal to that in the ocean, or, (iii) ammonia may concentrate in the ice shell networks,
exceeding the levels in the ocean due to exclusion from ice. Whether one, or none, of these
scenarios are possible is beyond the scope of this thesis as well as current data regarding
Enceladus. However, the molar threshold of 0.05 M ammonia established in this thesis, and
the spatial toxicity of transported ammonia, provides a basis for which to make assumptions
on whether the concentration of ammonia within the brines could support life.

This thesis also suggests that the concentrations of ammonia currently estimated in the ocean
of Europa would not be limiting to life as we know it. H. meridiana remained viable up to

1 M (NH,4),SO,. If ammonia is present in the ocean of Europa, it is likely to be below this
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threshold. The warmth of the Jovian nebula would have prevented significant incorporation of
NHj; into Europa during it’s formation. It may therefore be deduced that at current concentra-
tion estimates and speciation expectations, ammonia may not act as a chemical parameter that
could constraint habitability in this extraterrestrial ocean. The presence and physicochemical
conditions of potential ice shell brine networks on Europa are not known, however for the
purpose of this thesis I assume brine networks would present a similar pH, and thus speciation
of ammonia, as the ocean. Thus, the habitability assumptions of the ocean can also be applied
to brine networks. However, it is likely that solutes such as (NH4),SO, or other ammonium
salts would become excluded from ice as it forms. It is therefore plausible brine networks
of Europa may contain concentrations of NH,* that exceed concentrations in the ocean. Yet,
given the small amount of ammonia that is expected to have accreted with Europa, it is more
likely to assume this concentration could remain below 1 M NH,*.

Habitability limitations may not be imposed by lower concentrations of ammonia, but the
higher concentrations of ammonia utilised in this thesis exert a deleterious effect on life. On
Titan, the ocean could exceed 0.5 M, with a high relative abundance of NH; to NH,* (Brassé
et al., 2017). H. meridiana did not remain viable in up to 0.5 M (95.4% NHj3;) whether in
a closed-air or open-air system. Concentrations at and above 0.5 M were also identified
as the threshold at which cultures of H. meridiana adjacently exposed to NH; showed the
most detrimental and significant change to growth dynamics and viability. The ammonia
concentration within the Titan ocean, and any potential ice shell networks, may not be suitable
for the development of life as we know. However, habitable pockets may exist; for example, if
ammonia is unevenly distributed or excluded from ice shell brine networks. Ammonia may
also be retained in non-toxic ammonia hydrates if permitted by specified temperatures and
pressures.

Titan could also consist of an ocean of (NH4),SOy. In this scenario, concentrations exceeding
0.5 M may not be limiting for habitability; as aforementioned, H. meridiana remained viable
up to 1 M (NH,4),SOy4. The prospect for habitable environments on Titan as a function of
ammonia can only be clarified by further oceanic physicochemical characterisations of this
moon.

It is not without mention that the findings of this thesis expand beyond icy moons. Ceres
may also host an internal liquid layer that is ammonia-rich. Surface observations of Ceres
shows carbonate-rich bright deposits that are interpreted as residues from subsurface brines.
Spectral measurements additionally show that the crust of Ceres is enriched in ammoniated
phyllosilicates, indicating that NH; was incorporated into the dwarf planet. Surface brines
on Ceres are NH,"-bearing, but internal brines within Ceres could be NH;3-bearing under
the correct conditions. We cannot speculate on ammonia speciation as the physicochemical
properties (i.e., pH, temperature, pressure) of the subsurface brines of Ceres are not yet known.
However, the experimental results presented here indicate that NH; and NH,* toxicity is
concentration dependent, with bacterial growth remaining possible below defined molar thresh-
olds. If the NH,"-bearing brines, or NHj-bearing brines, on Ceres fall within comparable
concentration ranges, the subsurface brines may remain chemically permissive for microbial
life. This suggests that ammoniacal brines on Ceres could represent potentially habitable
aqueous niches despite the presence of ammonia. It is also reasonable to speculate that even
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if ammonia concentrations did exceed habitable levels, mobilisation of brines may generate
transient aqueous environments with ammonia gradients that could create microhabitats in
which ammonia concentrations fall within biologically tolerable ranges, similar to the spatial
ammonia exposure gradients explored experimentally in this thesis.

It must be reiterated that habitability is not intrinsically linked with the presence of life.
Conditions in icy moons may be found to be habitable, but not inhabited. There are also
many other factors that dictate whether an environment has the potential to be habitable. This
habitability discussion does not indicate whether there is or is not life within the oceans of icy
moons. Rather, this thesis and discussion should be used as a basis to constrain environments
that could be valuable candidates in missions of astrobiology, based on the limits of habitability
established for terrestrial life in ammonia.

7.3 Implications for habitability: Earth

Terrestrially, ammonia occurs in trace concentrations in the natural atmosphere (Roney et al.,
2004). Larger accumulations of ammonia are often a by-product of anthropogenic activities.
78 tetragrams of NHj are deposited into the terrestrial environment per year at a global scale
(Luo et al., 2022, Yang et al., 2023). Much of this pollution is deposited into the environment
from fertilizers in the form of ammonium, but ammonia fertilizer is also utilised (Randive et al.,
2021, Tyagi et al., 2022). As (NH4),SO, can acidify soil while also providing nitrogen in the
form of NH4*, (NH4),SO,4 a commonly utilised fertilizer to stimulate plant growth in high pH
soils. In such soils, application of (NH4),SO, fertilizer has led to appreciable nitrogen losses
of up to 66% by NHj; volatilization (Powlson and Dawson, 2022). Subsequently, long-range
dispersion and deposition of volatilized NH; has been demonstrated (Sutton et al., 1998, Bouet
et al., 2005, Leytem et al., 2024, L6 et al., 2025). The results of this thesis are therefore also
highly applicable to Earth environments when considering the bacteriology in areas afflicted
with ammonia pollution.

Firstly, this thesis indicates that, in an open-air system as on Earth, concentrations of am-
monia exceeding 0.25 M are likely to impose immediate alterations to bacterial diversity
and community structure. Growth dynamics and viability of H. meridiana were affected
above this concentration even with ammonia dispersal. As ammonia concentrations resulting
from pollution are seldom measured and lack representation in literature, it is not possible
to estimate whether such concentrations occur in any environments on Earth. However, it
can be assumed concentrations even below this limit would likely have detrimental effects.
Many bacteria are not adapted to high pH as H. meridiana is. Thus, these bacteria would
likely exhibit an even lower survival threshold in ammonia. At and below 0.25 M, detrimental
growth effects were apparent in H. meridiana but recovered through time as NH; dispersed
from the system.

Physiological changes were also apparent. Some environments may not be continually ex-
posed to ammonia, and therefore only exhibit transient detrimental effects to bacterial life and
physiology. However, in many environments there are continuous “point sources” of pollution.
The Clarbeston Stream in south-west Wales has shown consistently high concentrations of
ammonia as a result of discharge and field run-off by rainfall events from a nearby farmyard
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(Schofield et al., 1990). Similarly, Onondaga Lake, New York, United States, has exhibited
high concentrations of ammonia over a 10-year period as a consequence of discharge from a
wastewater treatment plant (Matthews et al., 2000). Sites such as these would be expected to
observe near permanent changes to bacterial biology and populations as a function of ammonia
concentration.

This thesis also demonstrates that volatilized and dispersed NH; from a nearby source is
not as toxic as direct deposition, but may still have detrimental effects. While the effect of
dispersed and deposited NH; on life has been assumed, it has been little demonstrated by
proof-of-concept experiments. This thesis provides evidence that, depending on concentration,
NHj; could alter bacterial ecosystems by either providing a source of nitrogen or acting as a
toxicological agent. These effects would be transient due to open-air dispersal, unless NHj is
supplemented continuously. However, continuous NH; pollution and thus ecosystem changes
are possible from regular “point sources” of ammonia as aforementioned.

Likewise, the results of this thesis indicate application of (NH4),SOy, is likely detrimental
to the wider bacterial ecosystem. Some commercial fertilizers advise an application of 35
g/m2 (NH4),SO, fertilizer to soils. This could yield a molarity of 2.64 M when dissolved in
100 mL water. It is therefore plausible that applied (NH4),SO, fertilizer could accumulate in
some environments to beyond 1 M (NH,4),SO,. While I show that H. meridiana could remain
viable at this concentration, growth dynamics and cell number were negatively affected and
physiology was altered. These effects are likely to be only exemplified in bacteria without
halophilic adaptations. In an ecosystem, the results of this thesis suggest that (NH4),SOy4
application may cause a major shift to bacterial biology, diversity and structure. This is only
supported by experiments in literature showing changes to soil biology following treatment
with (NH4)QSO4

7.4 Limitations and future work

The work in this thesis aimed to establish fundamentals in the limits of life in aqueous am-
monia. As such, other parameters and extremes were not considered. Multi-extremes are
present on icy moons; extremes of temperature, pressure, and salinity. All of these factors
also affect the potential for habitability as well as the phase behaviour and speciation of am-
monia. The use of ammonia in combination with multi-extremes could be a valuable avenue
of future research now that some fundamental habitability principles have been established.
Additionally, this thesis utilised aqueous ammonia within which NH; gas was dissolved in
solution. While dissolved NHj3 gas may be present in some scenarios of icy moons (i.e., plume
sites), liquid NH; would be the predominant phase due to pressure and temperature. It would
not be possible to utilise liquid ammonia without also altering temperature to extremes levels
(-33.3 °C), thus negating the thesis mission of understanding the basic effects of ammonia
on bacteria. However, both phases of NH; are membrane permeable and alkaline. This
thesis therefore assumes toxicity between the phases is comparable and the results obtained
applicable nonetheless.

In terms of habitability beyond Earth, the implications of this thesis are also purely hypo-
thetical. This thesis works on the assumption that any life that may develop beyond Earth
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would do so in a similar framework to early Earth. However, it is possible, if not likely, that
any life that would develop beyond Earth would be adapted to it’s habitat. In essence, life
may be alien to that of which we know. However, we can only explore habitability based
on the knowledge and resources available on Earth, and therefore this thesis explores the
constraints imposed by ammonia on life as we know it. Similarly, this thesis is based upon the
current data available for icy moons. Due to physical and technical limitations, it is not yet
possible to sample icy moon oceans and thus ammonia concentrations, ammonia speciation,
and habitability implications are based upon the most current knowledge; this may change.

Future work could explore the growth, viability and physiology of other diverse bacteria grown
in ammonia. In theory, the results of a diverse range of bacteria, with distinct physiologies,
to ammonia could provide a valuable basis to make generalisations regarding ammonia toler-
ance and adaptation. However, it is likely that each individual species, if not strains, would
have a unique response to ammonia. This would make it challenging to define an absolute
habitability limit across bacteria. There is also the difficulty that each bacteria would have a
specified growth temperature, optimal salinity level and pH range. These factors can alter the
proportion of NH; and NH,* and thus the toxicity of an ammonia solution. Nonetheless, such
a study could drive a better, generalised understanding of the limits of habitability in aqueous
ammonia environments. As the ocean of Enceladus has been recently constrained to pH 10.6
and an ammonia concentration of ~0.0181 M (Glein and Truong, 2025), such habitability
investigations could utilise these parameters.

A notable avenue of research would be to employ directed evolution. Artificial evolution can
be used to create an organism that is ammonia adapted under multi-extremes. The type of
adaptations and tolerance mechanisms observed could correspond to strategies that would
be suitable for survival in an ammonia-rich, extreme aqueous environments. However, the
applicability of an organism created by directed evolution to extraterrestrial habitability is
slim. These organisms are often evolved over decades, as opposed to billions of years, and the
adaptations evolved may not necessarily parallel adaptations that could develop in icy moon
oceans. For example, an organism may incorporate ammonia as an energy source, as in AOB,
or simply evolve an efficient mechanism of ammonia exclusion from the intracellular space.
Either of these scenarios provide a mechanism to survive in ammonia, but the incorporation of
either adaptation in a bacteria made by directed evolution does not mean this adaptation could
or would occur in icy moon oceans. However, in lieu of extremophile bacteria that observe
adaptations to high ammonia on Earth, such a strategy could be valuable in defining the limits
of habitability in ammonia further.

7.5 Final remarks

This body of work provides an a posteriori understanding of habitability in ammonia which is
applicable to both icy moon environments as well as Earth environments. I found that there
was a distinct habitability limit in aqueous ammonia for H. meridiana, an extremophile that
has physiologies relevant to the physicochemical conditions within icy moons. Ammonia and
external pH toxicity were found to be distinct drivers of bacterial demise. Thus, the impacts of
ammonia were both concentration-dependent and pH-independent. In solutions with a high
relative abundance of NHj3, physiological changes in H. meridiana corresponded to high pH

111



Conclusion

adaptations but also illuminated unique ammonia-driven changes. The habitability impacts of
NH; were found to be both spatial and temporal. Volatilized NH; could impact the growth of
H. meridiana in nearby, exposed growth systems. In solutions with a high NH,* abundance,
key changes to physiology suggested internal toxicity mechanisms that included disruption
to the three metabolisms that pillar the survival of terrestrial organisms: nitrogen, carbon,
and energy metabolism. Together, the results of this thesis correspond to a single conclusion:
ammonia, whether as dissolved NH3/NH,", volatilized NHj, or (NH4),SO, salt, is a chemical
parameter that must be considered when evaluating the prospects for life within ocean worlds
and polluted environments on Earth alike.
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Nothing happens in contradiction to nature, only in contradiction to
what we know of it.

- Dana Scully, The X Files
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Supplementary Figure 1: pKas of NH4* at given ionic strengths. Scatter plot
shows the relationship between the stoichiometric acid hydrolysis constant (pKa®) of
NHa4" at increasing ionic strengths (I). A linear regression (dotted line) was fitted to
the data.
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Supplementary Figure 2: Cell viability and optical density at 600 nm over 24 h.
Marker and line plot show the PrestoBlue ™ cell viability (closed black circles) against
optical density at 600 nm (ODe00) readings (open white squares). Markers present
the mean £ s.d. (n=3). The s.d. is smaller than the marker if error bar is not visible
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Supplementary Table 1: Outcome of statistical analysis by unpaired t-test and
Mann-Whitney test comparing the oxygen measurements (Fig. 1c) and water activity
(Fig. 1d) for ammonia and NaOH solutions at each pH value. The use of Mann-

Whitney is specified by MV_All other tests are unpaired t-test. ns, no significance; *,

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

Oxygen measurements

NaOH - ammonia Significance Test outcome
pH 8.05 ns t=1.8, df=6, p=0.122
pH 8.96 ns t=0.150, df=6, p = 0.886
pH 9.38 ns t=0.203, df=6, p = 0.846
pH 9.73 ns t=0.257, df=6, p = 0.806
pH 10.18 MW ns MW U=4, p = 0.343MW
pH 10.49 ns t=2.053, df=6, p = 0.0859
pH 10.78 ns t=0.272, df=6, p = 0.795
Water activity
NaOH - ammonia Significance Unpaired t-test outcome
pH 8.05 ns t=0.768, df=6, p = 0.472
pH 8.96 ns t=0.247, df=6, p = 0.813
pH 9.38 ns t=0.396, df=6, p = 0.706
pH 9.73 ns t=0.424, df=6, p = 0.686
pH 10.18 ns t=0.5633, df=6, p = 0.613
pH 10.49 ns t=1.093, df=6, p = 0.316
pH 10.78 ns t=0.415, df=6, p = 0.693




Supplementary Table 2: Statistical outcomes for one-way ANOVA with Tukey’s
post-hoc test comparing the mean cell number (CFU/mL) of H. meridiana grown in
positive control (PC) solutions (0 M ammonia, no pH modification) and NaOH
solutions pH-matched to ammonia solutions (Fig. 3a). ns, no significance; *, p <0.05;
** p<0.01; ** p<0.001; **** p<0.0001.

Comparison groups | Significance p-value
PC - pH 8.05 ns >0.9999
PC - pH 8.96 ns 0.4384
PC - pH 9.38 ns 0.9999
PC-pH 9.73 ns 0.9961
PC - pH 10.18 * 0.0410
PC - pH 10.49 ns 0.7936
PC - pH 10.78 ns 0.8097




Supplementary Table 3: Statistical tests utilised for the comparison of the data for
lag phase (Fig. 3c), doubling time (7d) (Fig. 3d) and Final OD (Fig. 3e) of H.
meridiana grown in ammonia vs. pH-matched NaOH solutions.

NaOH - Lag Phase Td Final OD

ammonia

pH 8.05 | Mann-Whitney t-test, | Unpaired t-test Unpaired t-test

pH 8.96 | Unpaired t-test with Unpaired t-test Unpaired t-test with
Welch's correction Welch's correction

pH 9.38 | Unpaired t-test with Unpaired t-test Unpaired t-test
Welch's correction

pH 9.73 | Unpaired t-test with Unpaired t-test Unpaired t-test
Welch's correction

pH 10.18 | Unpaired t-test with Mann-Whitney t-test, Unpaired t-test
Welch's correction

pH 10.49 | n/a n/a Unpaired t-test with

Welch's correction
pH 10.78 | n/a n/a Unpaired t-test with

Welch's correction




Supplementary Table 4: Volcano analysis comparing molecular features in the 0.25
M ammonia dataset against the control dataset (n=3) (Fig. 5c), where metabolites
identified in the analysis exhibited a fold change (FC) greater than 2 and a p-value <
0.05 (adjusted using FDR correction). Volcano analysis was performed using the

web-based software MetaboAnalyst 6.0.

Metabolite FC log2(FC) p.ajusted -log10(p)
CMP-Sialic acid 3.86E+07 | 25.202 1.20E-07 6.9196
9-OxoODE 1.89E-08 | -25.654 2.79E-06 5.5541
N-Acetylserotonin 8.06E-08 | -23.565 2.98E-06 5.5258
Glutarylcarnitine 1.23E-09 | -29.595 1.62E-05 4.7898
Mevalonolactone 4 82E+08 | 28.845 1.62E-05 4.7898
Linolenic Acid 1.49E-08 | -26 1.62E-05 4.7898
2,7- 3.45E+07 | 25.038 1.68E-05 47747
Dimethylnaphthalene

Shikimic Acid 3.42E-07 |[-21.481 1.68E-05 47747
Glycerol-3-phosphate 8.34E+07 | 26.313 2.20E-05 4.6574
Bishomo-gamma- 2.43E-08 |-25.293 2.47E-05 4.607
linolenic Acid (20:3)

Indole-3-ethanol 1.72E-09 |-29.115 5.33E-05 42733
Atrazine 4 19E+06 | 21.997 5.93E-05 4.2268
PA 36:02 5.80E+08 | 29.113 6.34E-05 4.1982
Sparfloxacin 1.39E+08 | 27.049 6.47E-05 4.1893
5-Hydroxyindoleacetate | 4. 53E+08 | 28.754 0.0002 3.6996
PS 37:04 2.48E+08 | 27.886 0.000412 3.385
PS 40:01 3.16E-07 |-21.592 0.00063 3.2005
PE 38:02 8.20E-08 | -23.539 0.002132 2.6712
GVLHAVK (Tryptic 2.51E+07 | 24.582 0.002461 2.6088
Peptide)

D-allo-Isoleucine 3.79E+00 | 1.9222 0.020352 1.6914
Sorbitol 1.11E-01 | -3.1706 0.039119 1.4076
Pantothenate 2.65E+00 | 1.4068 0.039119 1.4076
Alanine 2.89E+00 | 1.5335 0.045708 1.34




Supplementary Table 5: Volcano analysis comparing molecular features in the 0.25

M ammonia dataset against those in the NaOH pH 10.18 dataset (n=3) (Fig. 5d),

where metabolites identified in the analysis exhibited a fold change (FC) greater than

2 and a p-value < 0.05 (adjusted using FDR correction). Volcano analysis was
performed using the web-based software MetaboAnalyst 6.0.

Metabolite FC log2(FC) p.ajusted -log10(p)

ELR (Tryptic Peptide) 5.11E+0 | 28.928 2.52E-05 4.5991
8

2,7-Dimethylnaphthalene 3.45E+0 | 25.038 6.44E-05 4191
7

Uric Acid 2.01E-07 | -22.248 0.000134 3.8726

Atrazine 419E+0 |21.997 0.000171 3.7681
6

3-Hydroxybenzaldehyde 1.97E-08 [ -25.597 0.000191 3.7186

PC (16:1/16:1) (del9-cis) 1.06E-07 |[-23.172 0.000191 3.7186

Tributylammonium 3.59E-07 |[-21.411 0.000191 3.7186

Astilbin 7.94E-08 | -23.586 0.0002 3.6995

allo-Threonine 1.71E+0 |[24.03 0.000287 3.5424
7

3,4-Dihydroxy-L- 474E+0 |22.175 0.000912 3.0399

phenylalanine 6




Supplementary Table 6: Volcano analysis comparing molecular features in the
NaOH pH 10.18 dataset against those in the control dataset (n=3) (Fig. 5e), where
metabolites identified in the analysis exhibited a fold change (FC) greater than 2 and
a p-value < 0.05 (adjusted using FDR correction). Volcano analysis was performed
using the web-based software MetaboAnalyst 6.0.

Metabolite FC log2(FC) p.ajusted -log10(p)
PS 37:04 1.07E+09 | 29.99 5.76E-11 10.24
Fumarate 3.92E+08 | 28.546 2.03E-06 5.693
9-OxoODE 1.89E-08 -25.654 2.03E-06 5.693
N-Acetylserotonin 8.06E-08 -23.565 2.19E-06 5.6599
PS 41:06 1.80E+07 | 24.099 6.28E-06 5.202

1,2-Dimyristoyl-sn-glycero- | 1.24E-07 -22.941 6.28E-06 5.202
3-phosphocholine

NVNDVIAPAFVK (Tryptic | 3.55E-09 -28.07 1.02E-05 4.9923
Peptide)

Linolenic Acid 1.49E-08 -26 1.02E-05 4.9923
Glutarylcarnitine 1.23E-09 -29.595 1.06E-05 4975
Adenosine-5'- 8.12E-10 -30.198 1.09E-05 4.9635
monophosphate

Glycerol-3-phosphate 8.37E+07 | 26.319 1.68E-05 47746
5-Hydroxymethyluracil 1.65E-08 -25.852 1.68E-05 47746
ELR (Tryptic Peptide) 2.11E-09 -28.821 1.72E-05 47637

Bishomo-gamma-linolenic | 2.43E-08 -25.293 1.72E-05 4.7637
Acid (20:3)

Reserpine 3.77TE+07 | 25.167 1.72E-05 4.7637
Indole-3-ethanol 1.72E-09 -29.115 3.59E-05 4.4451
allo-Threonine 6.04E-08 -23.981 4.15E-05 4.3815
CMP-Sialic acid 1.75E+07 | 24.058 4.37E-05 4.3599
Thiabendazole 6.62E+06 | 22.659 4 37E-05 4.3599
Terbutryn 461E+06 |22.137 7.12E-05 4.1475
Imazapyr 3.46E-08 -24.784 7.31E-05 4.136
Astilbin 1.26E+07 | 23.586 7.42E-05 4.1295
N-(3-Phenylpropionyl)- 9.76E-08 -23.288 0.000154 3.8122
glycine

PE 38:02 8.20E-08 -23.539 0.001566 2.8052
PE (O-34:03) 5.53E+01 5.788 0.022256 1.6526
N-Acetylglutamate 2.24E+00 | 1.1659 0.042834 1.3682
Riboflavin 4.18E-01 -1.259 0.04393 1.3572

LysoPC (13:0) 3.92E+00 | 1.9699 0.049445 1.3059




Supplementary Table 7: Metabolites significantly altered (p-value lower than 0.05
(FDR corrected) between the three treatment conditions assessed by ANOVA with
Tukey’s multiple comparison test (n=3) (Fig. 5f). p-values without FDR adjustment
are also shown. ANOVA analysis was performed using the web-based software

MetaboAnalyst 6.0.

Metabolite f.value | p.value - FDR Tukey's HSD
log10(p)
9-OxoODE 23884 | 1.98E-12 11.703 | 1.11E-09 Ammonia-Control;
PH-Control
N-Acetylserotonin 18876 | 4.01E-12 11.397 | 1.12E-09 Ammonia-Control,
PH-Control
Linolenic Acid 6186.4 | 1.1387E-10 | 9.9436 | 2.0122E-08 | Ammonia-Control;
PH-Control
Glutarylcarnitine 5717.4 | 1.4424E-10 | 9.8409 | 2.0122E-08 | Ammonia-Control,
PH-Control
2,7- 4865.6 | 2.34E-10 9.6309 | 2.61E-08 Ammonia-Control;
Dimethylnaphthalene PH-NH3
Bishomo-gamma- 3586.7 | 5.84E-10 9.2338 | 5.43E-08 Ammonia-Control;
linolenic Acid (20:3) PH-Control
ELR (Tryptic Peptide) 2697.2 | 1.37E-09 8.8628 | 1.09E-07 PH-Control; PH-
Ammonia
Indole-3-ethanol 2327.8 | 2.13E-09 8.6712 | 1.49E-07 Ammonia -Control;
PH-Control
Atrazine 2112.3 | 2.8525E-09 | 8.5448 | 1.6497E-07 | Ammonia -Control;
PH- Ammonia
Glycerol-3-phosphate 2022.2 | 3.25E-09 8.488 1.65E-07 Ammonia -Control;
PH-Control
CMP-Sialic acid 2021.9 | 3.25E-09 8.4878 | 1.65E-07 Ammonia -Control,;
PH-Control
Astilbin 1379.1 | 1.02E-08 7.9902 | 4.76E-07 PH-Control; PH-
Ammonia
PS 37:04 765.86 | 5.9404E-08 | 7.2262 | 2.5498E-06 | Ammonia -Control,;
PH-Control; PH-
Ammonia
allo-Threonine 715.65 | 7.27E-08 7.1382 | 2.90E-06 PH-Control; PH-
Ammonia
PE 38:02 28479 [ 1.1328E-06 | 5.9458 | 0.00004214 | Ammonia -Control;
PH-Control
PE (O-34:03) 45.702 | 0.00023373 | 3.6313 [ 0.0081513 | Ammonia -Control;
PH-Control
Sorbitol 32.74 |0.00059145| 3.2281 | 0.019413 Ammonia -Control;
PH-Control
N,N-Dimethylglycine 30.626 | 0.00071015 | 3.1487 | 0.022015 Ammonia -Control;
PH-Control
Pantothenate 28.839 | 0.00083655 | 3.0775 | 0.022551 Ammonia -Control;
PH- Ammonia
PC 34:02 28.822 [ 0.000838 3.0768 | 2.26E-02 Ammonia -Control;

PH-Control




D-allo-Isoleucine 28.686 | 0.000849 3.0712 | 2.26E-02 Ammonia -Control;
PH-NH3
N-Acetylglutamate 25.653 | 0.0011478 | 2.9401 | 0.028623 Ammonia -Control,
PH-Control
Alanine 25.391 | 0.0011798 | 2.9282 | 0.028623 Ammonia -Control;
PH-NH3
N-Acetyl-L-aspartic 24.091 | 0.0013579 | 2.8671 | 0.031572 Ammonia -Control;
Acid PH-Control
Stearic Acid (18:0) 22.984 | 0.001539 2.8128 | 0.033617 Ammonia -Control;
PH-Control
Indoleacetaldehyde 22.832 | 0.0015664 | 2.8051 | 0.033617 Ammonia -Control;
PH- Ammonia
Mannitol 20.965 | 0.0019616 | 2.7074 | 0.04054 Ammonia -Control;
PH-Control
Riboflavin 19.872 | 0.0022566 | 2.6465 | 0.044971 PH-Control; PH-
Ammonia
L-Tryptophanamide 19.588 | 0.0023426 | 2.6303 | 0.045076 Ammonia -Control;
PH-Control
PE 36:05 18.741 | 0.0026273 | 2.5805 | 0.048867 Ammonia -Control;

PH-Control




Supplementary Table 8: Relative abundance of NH3 was calculated from equations
Eqg.1.0, 2.0 and 3.0 depicted in the main text. Table shows parameters and values for
salinity (S), temperature (T), ionic strength (l), pKas and % NH3 calculated. The pKa®
was calculated from the linear regression provided by Supplementary Figure 1.

Am Am S (ppt) | pH T (K) I pKa® [ NH3 % %
(M) (mg/L) (mg/L) |[NHs3 [\IH4
0.010 |170.31 |11.688 |8.05 |301.15|0.23 |9.27 |1196 |7.0 |93.0
0.025 |425.78 |11.688 |8.96 |301.15 3.23 3.27 161.97 |38.0 |62.0
0.050 |851.55 |11.688 |9.38 |301.15 8.23 3.27 52589 |61.8 |38.2
0.100 |1703.1 |11.688 |9.73 |301.15 8.23 3.27 1334.0 |78.3 |21.7
0.250 |4257.75 | 11.688 | 10.18 | 301.15 8.23 3.27 2877.2 91.1|8.9
0.500 |85155 |11.688 | 10.49 |301.15 8.23 3.27 2124.9 954 | 4.6
1.000 (17031 11.688 | 10.78 | 301.15 §.23 %.27 16621. 976 (24




Chapter S appendix: Spatiotemporal impacts of Enceladus-
and Earth-relevant ammonia gas on cultivation of extremophile
Halomonas meridiana



Supplementary Figure S1. Calibration curve of optical density readings at 600
nm coupled with cell viability. Column graph depicts optical density readings at
600 nm (ODsoo) (left axis) and cell viability measured using the PrestoBlue™ cell
viability assay (right axis) of H. meridiana over five time points within 24 h. Column
heights present the mean + s.d. (n = 3).
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Supplementary Figure S2. Direct nesslerization calibration curve. Linear
regression was created by measurement of known ammonia concentrations at 420
nm. Standard solutions of ammonia at known concentrations were provided by the
CHEMetrics High Range VACUette Ammonia test kit (K-1510C). Linear regression
equation utilised to calculate an unknown concentration of ammonia in ppm, X, is
presented.

y = 0.0001018x
- 0.006736
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Supplementary Figure S3. Growth dynamics of H. meridiana directly and
adjacently exposed to ammonia. Growth curves indicating optical density at 600
nm (ODeoo) changes over time in H. meridiana directly exposed to and adjacently
exposed to ammonia concentrations of (A) 0.1 M, (B) 0.25 M, (C) 0.5 M and (D) 1 M.
All ammonia exposed cultures were compared to against growth of the control
culture (0 M ammonia). Graph depicts mean = S.D., with error indicated by area fill
along error bands (n = 3).
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Supplementary Table S1. Statistical tests utilised in Figure 5 to compare mean lag
phase, doubling time and Final ODeoo of H. meridiana grown in control conditions (0
M ammonia), and directly and adjacently to ammonia solutions of 0.1 M, 0.25 M, 0.5

Mand 1 M.

Lag phase Doubling time Final ODeoo

01 M Kruskal-Wallis test, One-way ANOVA, Welch’'s ANOVA,
Dunn’s multiple Tukey’s multiple Tamhane’s T2 multiple
comparison test comparison test comparison test

0.25M Kruskal-Wallis test, Welch’'s ANOVA, Kruskal-Wallis test,
Dunn’s multiple Tamhane’s T2 Dunn’s multiple
comparison test multiple comparison comparison test

test

0.5M Two-tailed unpaired t- Two-tailed unpaired t- One-way ANOVA,
test with Welch’s test with Welch’s Tukey’s multiple
correction correction comparison test

1M n/a n/a Welch’s ANOVA,

Tamhane’s T2 multiple
comparison test
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Abstract

One underexplored aspect of microbial growth is the impact of toxic gases transported through the atmosphere. Ammonia is
a gas that can supply essential nitrogen but also exert cellular toxicity. Ammonia volatilized from a concentrated source into
surrounding environments is therefore a crucial consideration when assessing the capacity of environments to support life,
such as within terrestrial environments polluted with ammonia, or the ice crusts above ammonia—water oceans of icy moons.
We cultivate Halomonas meridiana proximal to an ammonia source and examine the impact of ammonia volatilization on
growth. Lower cell densities (ODgy,=0-1) occurred nearest the ammonia source. At 24 h, wells exhibiting an OD gy, =0-0.5
were evident when ammonia concentrations were > 0.5 M. H. meridiana in proximity to 0 M, 0.1 M, 0.25 M, 0.5 M, and
1 M ammonia exhibited OD¢gy, > 2 in 89.86%, 57.97%, 37.32%, 30.07%, and 18.48% of culture wells at 48 h, respectively.
Alteration to growth kinetics and viability of H. meridiana cultivated adjacently to an ammonia source (“‘adjacently exposed”)
were not as severe compared to direct culture in ammonia (“directly exposed”). Compared to control, adjacent exposure to
0.1 M ammonia exerted no significant detrimental effect on growth kinetics and enhanced cell density, but adjacent exposure
to>0.5 M ammonia greatly extended lag time, doubling time, reduced cell density, and reduced viability. Ammonia volatil-
ized from 0.1 M sources may thus minimally affect, if not improve, habitability, whereas environments exposed to ammonia
volatilized from sources at> 0.5 M could constrain habitability.

Keywords Ammonia - Extremophiles - Habitability - Enceladus - Astrobiology - Pollution

Introduction bioavailable nitrogen source and metabolic input for many

living organisms including bacteria [3-5]. However, the tox-

The habitability of an environment is influenced by its phys-
icochemical conditions, the accessibility of chemical ele-
ments, nutrients and energy, and, distinctly, the availability
of liquid water. Equally, the habitability of an environment
can become constrained or limited by the presence of detri-
mental environmental components [1, 2]. One class of det-
rimental compounds is volatile toxic gases, which can be
transported through the atmosphere. One such gas is ammo-
nia (hereafter, the term “ammonia” is utilized to denote the
total concentration of unionized ammonia, NH;, and the
ammonium ion, NH4+, in an environment). Ammonia is a
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icity of ammonia has been demonstrated across a number
of species, from bacteria to humans [6-9]. Notably, NH,
possesses certain properties (e.g., small size and uncharged)
which facilitates passive permeation through biological
membranes. As a weak proton (H*) acceptor, NH; readily
reacts with H to raise pH, disrupt proton motive force, and
form NH,* which impacts ionic balance [10—13]. The pres-
ence of NHj; gas in the environment is therefore an important
consideration when assessing habitability.

In aqueous environments, NH; exists in equilibrium
with NH,*. The proportion of each species of ammonia is
determined primarily by pH, but also temperature, pres-
sure, and salinity [14—16]. Under standard Earth condi-
tions (temperate and standard pressure) and pH exceeding
9.25, over half of ammonia is present as NH; gas. NH; is
thus commonly released into the terrestrial atmosphere
following application of ammonium fertilizer to alkaline
soils. The process of release is known as volatilization—a
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phenomenon whereby ammonia transitions to the gas
phase (NH;) and escapes into the atmosphere. Due to vol-
atilization, long-range dispersion and deposition of NH;
has been well demonstrated [17-20]. Ammonia has been
detected up to 3 km from a source pollution site and could
be detected at a level of 5.1 pg/m? in natural reserves [20].
Despite the relatively short atmospheric lifetime of NH;
which is in the order of hours to days [21-23], atmos-
pheric transport can thus deposit ammonia into surround-
ing environments [24-26]. It is therefore possible for NH;
to disperse from a concentrated, local source to distant
environments. Such deposition may impact the habitability
of afflicted environments.

As one of the simplest organisms on Earth, bacteria can
provide a valuable foundation to examine growth limita-
tions when considering habitability. Growth limitations in
ammonia have been established for Bacillus subtilis [27, 28],
Escherichia coli [28], B. pasteurii, B. pumilus [27], sulfate-
reducing bacteria [29], and the extremophile Halomonas
meridiana [30]. Increasing concentrations of atmospheric
NH; has been found to reduce the number of viable bacteria
[31]. NH; gas dissolved into environments from a distant
source could thus be presumed to elicit one of two distinct
effects. At low concentrations, the deposition of dispersed
NHj; could support the growth of organisms by providing
essential nitrogen [32-36]. Alternatively, at high concentra-
tions, NH; could exert adverse effects on the biodiversity
of aquatic life, plants, invertebrates, and bacteria [37-41].
However, this binary effect of NH; has not been explicitly
demonstrated in research. Additionally, NH; dispersed in
the atmosphere can presumably alter growth over a wider
spatial range than direct deposition but may be less toxic
due to diminished concentration. The effects of NH; are also
likely to be temporary as ammonia disperses into air over
time. These facets of atmospheric NH; gas generate ques-
tions, such as what this spatial effect on bacterial growth
could look like, and whether bacteria could recover from
NH; gas exposure after complete dispersal. Such fundamen-
tals are important when considering how terrestrial bacteria
may be impacted by anthropogenic ammonia pollution.

Crucially, these fundamentals could also inform extra-
terrestrial habitability. Icy moons of our solar system fea-
ture liquid water subsurface oceans encased below thick
ice shells [42-44]. The liquid state of the oceans has been
thought to be preserved by anti-freeze components such
as ammonia [45, 46]. Supporting this, mass spectrometry
analysis by the Cassini-Huygens mission of the material
ejected from the Southern plume of Saturn’s icy moon Ence-
ladus—presumed to originate from the subsurface ocean—
measured ammonia at a volume mixing ratio of 0.4-1.3%
[47, 48]. Enceladus features an availability of heat [49, 50],
energy [51-53], nutrients [47, 48, 54, 55], and organics [47,
56], as well as liquid water, essential for prebiotic chemistry.
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Enceladus is thus a prominent target in astrobiology and the
search for habitable environments beyond Earth.

On Enceladus, the spatial and temporal impact of NH;
gas could be relevant to habitability prospects in the brine
channels, veins, pockets, and fractures presumed to feature
in the ice shell. These networks have been hypothesized
as potentially habitable environments [57-60]. NH; gas
may permeate into these environments through multiple
pathways. In one pathway, NH; gas may be released and
adsorbed onto the ice shell following exsolution from the
ocean [61, 62] and migrate to the fluid networks by sur-
face diffusion. Alternatively, ice fractures that are open to
the surface may enable NH; volatilization on icy moons.
This would depend on local temperature (—23 to 0 °C or
higher) and pH (greater than pH 9) [63], as well as pres-
sure. NH; can easily volatilize on Earth; the air contains
trace amounts of ammonia, creating a strong gradient driv-
ing ammonia from environments to the air. On icy moons,
NH; escape is governed by Henry’s Law and vapor pres-
sure equilibrium: colder temperatures reduce NH; volatility,
and thus near-zero pressures are needed for NH; to escape,
volatilize, from liquid. Such conditions could exist in ice
shell fractures connected to the surface of Enceladus which
is under near vacuum pressure. Volatilized NH; could then
migrate along the fracture system and potentially solubilise
into intersecting brine networks within the ice shell. As with
exsolved NH;, volatilized NH; may also absorb onto ice
walls of the fracture and enter brine networks through ice
diffusion [62]. It is not without mention that other prominent
astrobiology targets, the icy moons Titan, Europa, Callisto
and Ganymede, are also modelled with an internal ocean of
NH; where spatial and temporal effects of NH; gas could be
relevant [42, 46, 64]. However, the presence of NH; in these
oceans has yet to be confirmed by direct measurements.

To characterize the habitability impacts exerted by vola-
tilized and dispersed NH; gas, this work investigates the cul-
tivation of Halomonas meridiana (nomenclature synonym:
H. aquamarina) circumjacent to NH; gas. H. meridiana is
a deep-sea bacterium with no specialized ammonia adap-
tations [65] but has extremophilic adaptations relevant to
the physicochemical characteristics of the Enceladus ocean
[66]. Indeed, we have previously shown H. meridiana can
grow in concentrations of ammonia above the lower putative
ammonia concentration threshold (0.01 M [61]) expected
on Enceladus [30]. We utilize optical density readings to
characterize the spatial impact of incrementally increasing
concentrations of ammonia from 0.1 M to 1 M on growth.
We analyze temporal recovery of cell density following
exposure. Using growth kinetic and cell viability assays,
we compare the growth kinetics of H. meridiana cultured
adjacent to an ammonia source (“adjacently exposed”) to
those directly exposed to ammonia (“directly exposed”).
Through this, we assess implications for the habitability of
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environmental niches susceptible to NH; gas exposure such
as those on the icy moon Enceladus as well as Earth.

Methods
Bacterial Strain Selection and Culture

The gram-negative bacterium Halomonas meridiana Slfth1
(DSM 15724) was obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ). H. meridiana
remains validly published as a heterotypic synonym accord-
ing to the International Code of Nomenclature of Prokary-
otes (ICNP). However, it should be noted this strain has been
synonymized with H. aquamarina based on phylogenomic
classifications [67]. H. meridiana was isolated from low
temperature hydrothermal fluid at a depth of 2000 m. As
such, H. meridiana presents physiological traits necessary
for growth in this environment. This includes halophilic
adaptations (growth in up to 22% NaCl), alkalitolerance
(tolerance up to pH 12), psychrotolerant traits (growth at
—1 °C and cold shock protein genes), and piezotolerance
(growth at 550 bar) [65, 66, 68]. Evidence of hydrother-
mal systems is present on Enceladus [48, 52]. The isola-
tion location and physiological adaptations exhibited by this
organism therefore make it a suitable model for establishing
the limits of life on Earth and potential for habitability on
icy moons where cold, saline, alkaline, and high-pressure
waters would be expected. Additionally, the strain genome
hosts no known ammonia adaptations [65] (DDBJ, acces-
sion no. AP022821). This was an intentional choice. The
estimated ammonia concentrations within icy moons oceans
are low and may preclude the need for distinct ammonia
adaptations. As such, the intention of this study was not to
assess an already established ammonia adaptation, but to
assess whether NH; gas acts as a chemical parameter that
can affect habitability of organisms without ammonia adap-
tations. Pure cultures of H. meridiana were maintained in
a simplistic yeast media consisting of 1 g/100 mL Bacto™
yeast extract (Becton, Dickinson and Company), 0.2 M NaCl
(1.17% salinity) (Thermo Fisher Scientific, CAS Number:
7647-14-5), and distilled water (dH,O) at pH 6. Cultures
were cultivated aerobically in conical Erlenmeyer flasks with
orbital agitation at 150 RPM and 28 °C.

Ammonia Preparation

All ammonia solutions were prepared from a stock solution
of 35% liquid ammonia (Fisher Scientific, CAS Number:
1336-21-6). Stock ammonia was diluted in yeast media to
molar concentrations of 0.1 M, 0.25 M, 0.5 M, and 1 M
ammonia and maintained in air-tight falcon tubes to prevent
gaseous escape. Control solutions of 0 M ammonia consisted

of yeast media with no ammonia supplementation. The pH
of all solutions was unaltered to preserve incrementally
higher concentrations of NH; gas. The pH of each solution
was recorded as follows: control (0 M), pH 6.06 +0.07; 0.1
M, pH 9.73+0.01; 0.25 M, pH 10.18 +£0.03; 0.5 M, pH
10.49+0.01; and 1 M, pH 10.78 +0.02. The pH of solutions
was determined with a Jenway 3510 benchtop pH meter.

Spatiotemporal Analysis of Ammonia Toxicity

Experiments were conducted in polystyrene 96-well plates.
These plates were not air-tight and thus permitted ammonia
to travel from wells to the exterior atmosphere. All wells,
with exception of four central wells (D6, D7, E6, and E7),
were plated with 190 uL yeast media inoculated with 10 uL.
overnight H. meridiana culture to an optical density at 600
nm (ODg,) of 0.05. A blank plate was created identically
but without inoculation. The four central wells (D6, D7, E6,
and E7) were plated with 200 uL ammonia at concentra-
tions of either 0 M (control), 0.1 M, 0.25 M, 0.5 M, or 1
M, prepared as described above. Plates were incubated at
28 °C in a table-top orbital shaker at 150 RPM with ODgy
readings taken at 24 and 48 h using a BMG SPECTROstar
Nano Microplate Reader. Plates were shaken at 200 RPM
before each reading. All plates were blank corrected against
the blank plate before reading. Plate lids were utilized during
incubation and analysis to ensure planar spread of NH; gas
across the plate. The liquid culture depth was approximately
6 mm in a total well depth of 10.67 mm. An open space of 1
mm was between the well top and the plate lid.

Growth Experiments of Direct and Adjacent
Ammonia Exposure

Growth experiments were conducted within polystyrene
96-well plates utilizing two distinct culture conditions:
direct and adjacent ammonia exposure. In the direct ammo-
nia condition, ammonia concentrations of 0 M (control), 0.1
M, 0.25 M, 0.5 M, and 1 M in yeast media were prepared
as outlined above and dispensed into five wells. Ammonia
solutions were inoculated with 10 pL overnight culture of
H. meridiana to ODg,,=0.05 in a final volume of 200 pL
(Fig. 1A). In the adjacent ammonia condition, five wells of
yeast media were inoculated with 10 pL overnight culture of
H. meridiana to ODgy,=0.05 in a final volume of 200 uL.
Five wells directly adjacent to these culture wells were sup-
plemented with ammonia in yeast media to concentrations
of 0 M (control), 0.1 M, 0.25 M, 0.5 M, or 1 M ammonia
(Fig. 1B). In both growth conditions, separate 96-well plates
were used for each ammonia concentration. Negative con-
trols had no inoculation.
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Fig.1 Diagram of “directly” and ‘“adjacently” exposed cultures to
ammonia. (A) Depiction of H. meridiana cultures directly exposed
to ammonia (red circles). H. meridiana (HM) is cultivated in yeast
media with ammonia to concentrations of 0.1 M, 0.25 M, 0.5 M, or
1 M ammonia. (B) Depiction of H. meridiana cultures adjacently
exposed to ammonia. H. meridiana is cultivated in yeast media with-
out ammonia. Ammonia at concentrations of 0.1 M, 0.25 M, 0.5 M,
or 1 M were placed in the wells directly below these cultures. Blank
(B) solutions are identical but are without inoculation of H. meridi-
ana

Kinetic Growth Assays and Parameters

Following preparation of the growth experiments as out-
lined above, growth over time was assessed using ODg,
readings over 48 h in a BMG SPECTROstar Nano Micro-
plate Reader. Plates were shaken at 200 RPM before each
reading. Growth parameters of lag phase duration, doubling
time, and final ODg, at 48 h were extrapolated from the
ODyy, growth curve. Lag phase duration was determined
using the online microbial lag phase calculator developed
by Smug et al. [69]. The following parameters were applied:
algorithm = parameter fitting to a model; preprocessing
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applied: cut data at some time = yes, max time =24 or 48 h;
smooth data=no; initial biomass = first observation; model
to fit=1logistic; NLS fitting algorithm = auto; and max num-
ber of iterations = 100. Doubling time was derived from the
growth rate, u, by the equation 1n2/u. Calculation of u is
presented in Eq. 1.0. N is the ODg, at a beginning time
interval (#,) in the exponential growth phase. N is the ODg,
at the end of a selected time interval (¢) in the exponential
growth phase. ¢ and ¢, were recorded in minutes.

H= (LoglO(N) - Loglo(NO))2.303/(t —1) D

Final cell density was determined at 48 h using the final
ODy, value obtained. We defined no growth as any analysis
where there was no defined lag or exponential phase after
48 h. Increases to ODg, were confirmed to correspond to
increases in cell viability (Supplementary Fig. S1).

Cell Count

Cell viability of H. meridiana was assessed in cultures
directly and adjacently exposed to ammonia. The experi-
mental set-up of the two conditions occurred analogously
to that described in the growth experiments. Then, 96-well
plates were incubated for 4 h at 28 °C on a table-top orbital
shaker at 150 RPM. This incubation period was found to be
a suitable length of time to allow volatilization of NH; from
the central ammonia wells and complete dispersal across
adjacent wells utilized for testing. The duration is also within
the doubling time range of H. meridiana (i.e., 1 to 2 h).
Following incubation, cell numbers were determined using
colony forming units (CFU) on yeast media agar plates incu-
bated at 28 °C.

Evaluation of Ammonia Concentration

Volatilization and permeation of NH; from and into cultures
that were directly and adjacently exposed to ammonia was
assessed by using the CHEMetrics High Range VACUette
Ammonia test kit (K-1510C). The K-1510C kit features a
detection range of 0—10,000 ppm ammonia and a detection
limit of 100 ppm. Precision data is not available for this
kit. However, a related kit, K-1513, has shown precision
of +11 ppm at 112 ppm. This kit measures ammonia by a
direct nesslerization reaction. Direct nesslerization deter-
mines ammonia concentration by a reaction of ammonia
with potassium mercuric iodide. This produces a yellow-
colored complex, the Nessler reaction product, which can
be measured at 420 nm [70]. The experimental set-up of the
two conditions occurred as described in the growth experi-
ments. A 4-h incubation period was identified as a suitable
length of time that could allow NHj; volatilization, dispersal,
and dissolution into adjacent cultures. Plates were incubated
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for 4 h at 28 °C on a table-top orbital shaker at 150 RPM.
The parts per million (ppm) of ammonia in each culture was
determined by colorimetric analysis of the Nessler reaction
product at 420 nm. Ammonia content in ppm was deter-
mined by linear regression; the absorbance of the culture
sample at 420 nm was compared against a calibration curve
created by absorbance of known concentrations of ammo-
nia at 420 nm (Supplementary Fig. S2). Molarity (M) was
derived from ppm as shown in Eq. 2.0. Where 1 ppm = 1
mg/L, and molar mass refers to the molar mass of ammonia
at 17.031 g/mol.

M= (ppm/1000)
" Molar mass

(@)

Statistics and Reproducibility

All data were compiled from a minimum of three biological
replicates (n=3 to 4). The Shapiro—Wilk test was utilized to
assess normality of data. Where the assumption of normality
was violated, two groups were analyzed by the Mann—Whit-
ney test or, for three or more groups, by the Kruskal-Wal-
lis test. Multiple comparison correction was applied using
Dunn’s test. Where normality was not violated, sample vari-
ance was assessed by an F-test for two groups. Samples of
equal variance were analyzed by two-tailed unpaired #-test.
If the assumption of variance was violated, a two-tailed
unpaired #-test with Welch’s correction was applied. For
three or more groups, the Brown—Forsythe test was utilized
to assess equal variance. Samples of equal variance were
analyzed by analysis of variance (ANOVA) followed by
Tukey’s post hoc test. Samples of unequal variance were
assessed by Welch’s ANOVA test with Tamhane’s T2 post
hoc test. Data is presented as the mean + standard deviation
(SD). Significance was considered when p <0.05. Statistical
tests are specified in figure legends as well as the supple-
mentary material when indicated. All figures and statistical
analyses were produced using GraphPad Prism version 8.0.2
(GraphPad Software Inc.).

Results
Spatiotemporal Toxicity of Ammonia

NH; is a gas under temperate conditions and standard pres-
sure. The spatiotemporal impact of NH; on bacterial cultures
was assessed using 96-well plates. Plates were prepared with
four central wells containing either yeast media (0 M ammo-
nia, control) or ammonia at concentrations of 0.1 M, 0.25
M, 0.5 M, and 1 M. The peripheral wells were filled with
yeast media inoculated with H. meridiana. Figure 2A--2E

is a heatmap illustrating the cell density of wells surround-
ing ammonia concentrations of 0 M (control, Fig. 2A), 0.1
M (Fig. 2B), 0.25 M (Fig. 2C), 0.5 M (Fig. 2D), and 1 M
(Fig. 2E) at 24 h and 48 h post-inoculation. Cell density is
given by optical density values at 600 nm (ODy,). Values
of cell density are characterized as follows: O—red, 0.5—
orange, 1—yellow, 1.5—green, and >2—dark green. Fig-
ure 2F-G indicate the total number of wells, as a percentage
of the total number of culture wells (92), that reached cell
densities between 0-0.5,> 0.5-1,> 1-2, and > 2 ODy, at 24
h and 48 h, respectively, for each control and ammonia treat-
ment condition.

Figure 2 demonstrates a pronounced suppression of cell
density which was most severe in proximity to the ammonia
source as ammonia concentration increases. Culture wells
circumjacent to the control solution at 24 h and 48 h, with
exception of a single well in each case, showed an average
cell density at or exceeding 2 (Fig. 2A). At 24 h, 43.12% of
culture wells in the control condition were at a cell density
between ODg, > 1-2 and 55.8% of wells at a cell density
ODg,>2 (Fig. 2F). At 48 h, 89.86% wells exhibited a cell
density of ODgy,>2 (Fig. 2G). The control represents typi-
cal growth densities that would be expected of H. meridi-
ana when cultivated in optimal conditions. In culture wells
circumjacent to 0.1 M ammonia, all wells with exception of
one exceeded a cell density of ODg,y=1 (Fig. 2B). At48 h,
57.97% of wells were ODg, > 2. This was lower than the
number of wells at or exceeding a cell density of ODgy,>2
at 48 h in the control condition (p <0.01), but higher than
the number of wells at a cell density of OD¢(,>2 when com-
pared against the 0.25 M (p <0.05) and 0.5 M (p<0.01)
ammonia conditions at 48 h (Fig. 2G).

The majority of cultures wells circumjacent to ammonia
at a concentration of 0.25 M exhibited a cell density between
ODgyo=1 and ODg,,=2 at both 24 h and 48 h (Fig. 2C).
In this culture system, 19.93% of wells exhibited cell den-
sity values of ODg(,>2 at 24 h (Fig. 2F). This increased
to 37.32% at 48 h (Fig. 2G). The number of wells at a cell
density of ODg,>2 was found to be nonsignificantly differ-
ent from the 0.1 M (p=0.0664), 0.5 M (p=0.808) and 1 M
ammonia (p=0.101) conditions but lower than the control
condition at 48 h (p <0.0001) (Fig. 2G).

In the 0.5 M ammonia condition, 9.78% of wells exhib-
ited a cell density of ODgy,>2 at 24 h (Fig. 2F). The num-
ber of wells at this level increased to 30.07% at 48 h but
was still lower than that observed in control (p <0.0001)
and 0.1 M ammonia (p <0.05) conditions (Fig. 2G). A
cell density of ODg,<0.5 at 24 was observed in 6.52% of
wells (Fig. 2F), but none were observed at this level at 48
h (Fig. 2G). Comparatively, 7.97% of wells exhibited a cell
density of ODg,,>2 when surrounding 1 M ammonia at 24
h, while 33.7% of wells exhibited an ODg,, < 0.5 (Fig. 2F).
At 48 h, the number of wells at a cell density of ODgy,>2
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Fig.2 Spatiotemporal effect of ammonia on growth of H. meridiana.
(A-E) Heatmaps representing the mean ODy, of wells in a 96-well
plate (n=3). Central wells (D6, D7, E6, and E7) were filled with
either 0 M (control), 0.1 M, 0.25 M, 0.5 M, or 1 M ammonia as indi-
cated by white squares. Surrounding wells were yeast media inocu-
lated with H. meridiana. ODg, values were recorded 24 h and 48 h
post-inoculation to ammonia. ODgj, values were coloured as follows:
0, red; 1, yellow; 2, green; and >2, dark green. (F, G) Cell density
changes with increasing ammonia concentrations. For each concen-
tration of ammonia, the number of wells between ODg, 0-0.5,>0.5—
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1,>1-2, and>2 at 24 h and 48 h post-inoculation was determined
and calculated as a percentage of the total number of inoculated wells
(92). The results are represented as a column graph with column
heights and error bars indicating the mean+S.D (n=3). Statistical
significance in (F) and (G) is given by the Kruskal-Wallis’s test using
Dunn’s multiple comparison test for optical density groups 0-0.05
and >0.5-1, and one-way ANOVA using Tukey’s multiple compari-
son test for optical density groups>1-2 and >2. ns, no significance;
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increased to 18.48%, but the majority of wells were between
ODgyo=1-2 (63.77%) and 3.62% of wells were at a cell
density of ODgy,<0.5 (Fig. 2G). Notably, there was no
significant difference found between the mean percentage
of wells between > 0.5-1,> 1-2, and > 2 ODg,, compared
across all treatment concentrations at 24 h, but treatment
with 1 M ammonia significantly increased the number of
wells between ODy,, =0-0.5 compared to control (p <0.05)
and 0.1 M conditions (p < 0.05) (Fig. 2F).

For H. meridiana cultivated proximal to 0.25 M, 0.5 M,
and 1 M ammonia, lower cell density values (ODgy, < 1)
were nearer to the ammonia source at both 24 h and 48 h,
while the horizontal and vertical perimeter wells showed
higher cell densities (ODg,> 1) (Fig. 2C--2E). In addition,
the radial distribution of NH; was reflected in cell density
alterations; the spatial zone of alterations became larger as
ammonia concentration increased.

Kinetics of H. meridiana Cultivated Directly
and Adjacently to Ammonia

Wells immediately adjacent to the ammonia source showed
a lower cell density than those farther from the ammonia
source. The lower cell density suggests an alteration to
growth kinetics. Given the small (9 mm) distance from
the ammonia source, the impact to growth kinetics could
be similarly observed in H. meridiana directly exposed to
ammonia. To explore this possibility, the growth dynamics
of H. meridiana directly exposed to ammonia and adjacently
exposed to an ammonia source were investigated and lag
phase duration (Fig. 3A-—3C), doubling time (Fig. 3D--3F),
and final cell density (ODg,) at 48 h (Fig. 3G--3J) extrap-
olated. The growth curves utilized to extrapolate these
growth parameters is available in Supplementary Fig. S3. H.
meridiana exhibited an extension to lag phase duration when
directly cultivated in all concentrations of ammonia. Adja-
cent cultivation to ammonia increased the duration of the lag
phase at concentrations of 0.25 M and 0.5 M ammonia, but
not 0.1 M ammonia (Fig. 3A--3D). H. meridiana cultivated
adjacent to 0.1 M ammonia wells assumed a lag phase time
of 0.2h +0.141 (Fig. 3A). This was a shorter duration than
those cultivated directly in 0.1 M ammonia (6.13 h+1.55).
Differences between lag phase duration of H. meridiana
cultivated adjacently to 0.1 M ammonia was found to be
non-significant from cells cultivated directly in ammonia
(»p=2.00) and in control conditions (p =0.665). Similarly,
H. meridiana cultivated adjacent to 0.25 M ammonia wells
assumed a lag phase time of 18.15 h+4.62 (Fig. 3B). This
was a shorter duration than those cultivated directly in 0.25
M ammonia (25.65h + 1.72). Differences between lag phase
duration of H. meridiana cultivated adjacently to ammonia
were found to be non-significant from cells directly exposed
to ammonia (p =0.485) and to control conditions (p =0.267).

In Fig. 3D, the doubling time of cells cultivated adjacently
to 0.1 M were comparable to growth in control conditions
(»=0.989) and faster than cells cultivated directly in 0.1 M
ammonia (p <0.001). Conversely, as ammonia concentra-
tion increased, cells adjacent to 0.25 M ammonia showed
comparable doubling time to cells cultivated directly in 0.25
M ammonia (p=0.271). This was longer when compared
to control conditions (p <0.05) (Fig. 3E). H. meridiana
adjacently exposed to ammonia showed comparable final
ODy¢ to cells cultivated directly in ammonia at concentra-
tions of 0.1 M (p=0.991) (Fig. 3G) and 0.25 M (p =0.999)
(Fig. 3H). Notably, the cell density at 48 h was significantly
higher in cells cultivated adjacently to ammonia than those
in control conditions at 0.1 M ammonia (p <0.05) (Fig. 3G)
and 0.25 M ammonia (p <0.05) (Fig. 3H). H. meridiana did
not show an observable lag, log or stationary phase when
cultivated directly in 0.5 M ammonia but did show onset of
growth at~30 h post-inoculation when cultivated adjacently
to a 0.5 M ammonia source (Supplementary Fig. S3). Con-
sequently, cultures adjacent to 0.5 M ammonia exhibited a
higher final cell density compared to cells cultivated directly
in 0.5 M ammonia (p <0.0001) (Fig. 3I). H. meridiana cul-
tivated adjacently to 0.5 M were found to have a longer lag
phase duration (p <0.01) (Fig. 3C), slower doubling time
(p <0.05) (Fig. 3F) and lower final cell density (p <0.01)
(Fig. 3I) than H. meridiana in control conditions. No growth
was recorded in H. meridiana cultivated directly in or adja-
cently to 1 M ammonia (Supplementary Fig. S3). ODg, at
48 h in both conditions thus remained at 0.05 (Fig. 3J).

Cell Viability and Ammonia Content in H. meridiana
Cultures Directly and Adjacently Exposed
to Ammonia

Lag phase duration of H. meridiana increased incremen-
tally when cultivated adjacently to higher concentrations
of ammonia. We have previously shown this extension to
lag phase duration is a result of reduced viable cell popula-
tions correlating with ammonia concentration [30]. Figure 4
shows cell number of H. meridiana and ammonia content
in cultures following 4 h of direct and adjacent exposure
to ammonia. Control conditions without ammonia are also
shown. Across all directly exposed ammonia cultures, the
concentration of ammonia was diminished from original
inoculation concentration at 4 h confirming ammonia volatil-
ization from wells over time. Gaseous NH; solubilized into
adjacent cultures from an ammonia source was indicated by
detectable levels of ammonia in these wells.

Differences in cell number were nonsignificant between
control cultures and cultures adjacent to 0.1 M (p=0.794)
(Fig. 4A). This aligned with a nonsignificant change in
lag phase between this condition and control conditions in
Fig. 3A. The ammonia content in 0.1 M ammonia adjacently
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Fig.3 Growth kinetics of H. meridiana cultivated directly and adja-
cently to ammonia. (A-C) Lag phase time, (D-F) doubling time,
and (G-J) final ODy, of H. meridiana at 48 h extrapolated from
growth curves of Supplementary Fig. S3. Column heights indicate
the mean+S.D. (n=3 to 4). Statistical significance was calculated by

exposed cultures at 0.0308 M +0.0002, however, was
significantly higher than those in the control condition
(p <0.0001). This indicates 0.1 M was not a concentration
that detrimentally impacts cell number, and in turn, lag
phase duration. Cell number was lower in cultures directly
exposed to 0.1 M ammonia compared to adjacently exposed
to ammonia (p <0.01) and control conditions (p <0.01). In

@ Springer

one-way ANOVA, Welch’s ANOVA, Kruskal-Wallis test and Welch’s
unpaired r-test. The individual tests utilised are outlined in Supple-

ok

mentary Table S1. ns, no significance; * p<0.05; - p<00L;, ", p
<0.001; ™, p < 0.0001

correlation with this, ammonia content in directly exposed
cultures at 0.0538 M +0.004 was higher than those in adja-
cently exposed ammonia cultures (p <0.001) or control cul-
tures (p <0.0001) (Fig. 4A). This correlates with the results
of Fig. 3A that demonstrate direct exposure of H. meridiana
to 0.1 M ammonia increases lag phase duration compared
with control.
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Fig.4 Cell number and ammonia content of H. meridiana cul-
tures exposed to ammonia. Cell number and ammonia content at 4
h in H. meridiana cultures following direct and adjacent exposure to
ammonia concentrations of 0.1 M (A), 0.25 M (B), 0.5 M (C), and 1
M (D) are shown. Comparison to cell number and ammonia content
in 0 M (control) cultures for each concentration is illustrated. Cell
number is given by CFU/mL in individual value scatter plots. Mean is
indicated by the central line between individual points (n=3). Error
bars are+S.D. Statistical significance was calculated by one-way
ANOVA with Tukey’s post hoc test (0.1 M and 0.25 M) or two-tailed

Differences in cell number were significant between
control cultures and cultures adjacent to 0.25 M ammo-
nia (p<0.01) (Fig. 4B). Cultures adjacently exposed to
0.25 M showed a concentration of ammonia at 0.0677
M +0.000 which was significantly higher than control cul-
tures (p <0.0001). This level of ammonia may account for
cell number reduction in ammonia-adjacent cultures. How-
ever, the level of viable cell loss was not found to impact
lag phase duration significantly between ammonia-adjacent
and control cultures, as indicated in Fig. 3B. As a result of
viable cell loss, cell number changes in cultures adjacently
exposed to 0.25 M were found to be non-significant from
cultures directly exposed to 0.25 M (p=0.999) (Fig. 4B).
The non-significant change in cell number between directly
and adjacently exposed cultures did not correlate with

unpaired #-test with Welch’s correction (0.5 M and 1 M). Ammonia
concentration is depicted in box plots that show molar concentrations
of ammonia measured in culture solutions 4 h post direct and adjacent
exposure to ammonia. Box plots represent the median as well as the
25% and 75% interquartile ranges. The whiskers represent 1.5 X the
interquartile ranges. Plus sign (+) indicates the mean and the middle
line indicate the median (n=3). All statistical tests here correspond to
one-way ANOVA with Tukey’s post hoc test. ns, no significance; *, p

<0.05; ™, p <0.01; ™, p <0.001; ™, p < 0.0001

ammonia. Cultures adjacently exposed to 0.25 M showed
a lower ammonia concentration than cultures directly
exposed to 0.25 M, which were found to be 0.108 M +0.01
(p <0.001). These results indicate, while not as cytotoxic
as direct ammonia exposure, adjacent exposure to 0.25 M
ammonia demonstrates detrimental effects on viability.
This may account for the longer doubling time observed
in cultures adjacently exposed to 0.25 M (Fig. 3E) which
was not observable in cultures adjacently exposed to 0.1 M
(Fig. 3D).

There were no viable H. meridiana cultivated directly
in 0.5 M (Fig. 4C) and 1 M ammonia (Fig. 4D). These
solutions also demonstrated the highest ammonia content
compared to adjacent and control cultures, with ammonia
concentrations of 0.146 M +0.02 and 0.307 M +0.009,
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respectively. These concentrations were thus deleterious to
H. meridiana. There were viable cells in cultures adjacent
to 0.5 M and 1 M ammonia. This indicated adjacent cultures
did not acquire ammonia to the concentrations observed in
direct cultures at any point. Indeed, the ammonia content
of ammonia-adjacent cultures was significantly lower than
those in directly exposed cultures at 0.5 M (0.102 M +0.002,
p<0.01) and 1 M ammonia (0.203 M +0.01, p <0.0001).
Compared to control, the cell number in cultures adjacently
exposed to 0.5 M (p <0.05) (Fig. 4C) and 1 M (p <0.05)
(Fig. 4D) were lower. In accordance with this, the ammonia
content was found to be significantly higher in cultures adja-
cent to 0.5 M (p<0.0001) and 1 M ammonia (p <0.0001)
solutions compared to control.

Discussion

The aim of this work was to characterize the spatiotempo-
ral effect of NH; gas on the cultivation of an extremophile,
H. meridiana. Although the habitability of extraterrestrial
environments is speculative, ammonia is known to be a
component of extraterrestrial oceans [46, 47, 71]. Thus, our
findings have relevance to the potential for habitability in
these environments. Additionally, NH; volatilization, result-
ing from agricultural and industrial pollution [72, 73], can
deposit ammonia at great distances and may alter habitabil-
ity in environments on Earth beyond the local site of release
[17-20]. These results therefore advance the current under-
standing on how the gaseous state of NH; may permeate
into environments and impact the potential for a habitat to
become or remain inhabited.

Although previous studies have investigated the effects
of toxic gases on microbial growth, none of these studies
have examined the spatial effects of gas on microbial growth.
In literature, the growth of a diverse range of bacteria has
shown to be disturbed most closely to a pollutant source.
For example, as in the case of soils nearby tailing ponds of
seepage pollution [74] or soils with crude oil contamina-
tion [75]. In accordance with this, we observed reduction of
cell density nearest to an ammonia source. We also identi-
fied that increasing concentrations of NH; gas increased the
spatial size of the zone affecting cell density. The effects
we observed are analogous to diffusion-limited effects
observed in agar plates. An increasing zone of inhibition
with increasing concentration of a toxic substance has been
demonstrated in agar diffusion assays using non-gas sub-
stances such as propolis extract [76], lauric acid-KOH [77],
chromium [78], and a range of organics, inorganics and
organometallics [79]. Likewise, an increasing spatial zone
of antibacterial activity has been observed for application
of increasing concentrations of reactive oxygen species on
Pseudomonas aeruginosa [80] and E. coli [81]. Our findings

@ Springer

show how microbial growth can also be influenced by com-
pounds, such as NH;, traversing through the atmosphere as
well as through liquid media.

A notable alteration was that H. meridiana cultivated
adjacently to ammonia at concentrations of 0.1 M and 0.25
M were able to establish a higher density at 48 h compared
to control conditions. It is possible these concentrations were
low enough, particularly following evaporation, that diffu-
sion of NH; across the cytoplasmic membrane into the cell
in equilibrium with NH,* were sufficient to promote growth
by providing additional nitrogen [82]. NH,* is assimilated
by either the glutamine synthetase-glutamate synthase (GS-
GOGAT) or glutamate dehydrogenase (GDH) pathway. In
enzymology, K, is the substrate concentration at which an
enzyme’s reaction is half of its maximal velocity, V... K,
values for GS, GOGAT, and GDH have been reported at
0.033 M [83, 84], 0.0002 M [85], and 0.029 M [86] in bac-
teria. At 4 h, the ammonia concentration in wells adjacent
to 0.1 M were 0.0308 M ammonia, and adjacent to 0.25 M
ammonia were 0.0678 M ammonia. These concentrations
are thus suitable for GS and GDH to achieve 50% velocity
or higher according to Michaelis—Menten kinetics and may
account for enhanced cell density compared to control.

In Halomonas, ammonia nitrogen removal, and thus
assimilation, rates have been reported at 5 mg N L~! h™!
in the species H. salifodinae [87], 9.10 mg N L' h~! for
strain HN2 [88] and 22 mg N L~! h~! in strain BO1 [89].
This approximately corresponds to the respective removal,
and possible assimilation, of NH4Jr at ~ 0.00036 M h™!, ~
0.00064 M h™', and ~ 0.0016 M h~'. As aforementioned,
cultures adjacent to 0.1 M and 0.25 M ammonia sources
were found to accumulate ammonia at 4 h to concentrations
of 0.0308 M and 0.0677 M, respectively. This indicates the
ammonia provided into the wells were near 20-fold and
42-fold higher than the concentration utilised in assimila-
tion per hour. Such abundance may have stimulated higher
growth than the control which featured limited amounts of
ammonia.

Such abundance of ammonia could also be deleterious to
growth, however. While enhanced cell density was observed
in cultures adjacent to 0.25 M ammonia, lag phase duration
was higher, doubling time was slower and cell viability also
lower compared to control. In contrast to 0.1 M ammonia,
cultures adjacent to 0.25 M showed ammonia values that
were substantially higher than the K, values required for
50% V. in nitrogen assimilation enzymes and typical rates
of nitrogen assimilation. Ammonia at 0.25 M ammonia thus
reflects a transition concentration whereby excess ammonia
becomes deleterious to growth. It is notable adjacent expo-
sure to NH; gas at a concentration of >0.5 M is the limit at
which the following effects were observed: (i) reduced cell
density surrounding the ammonia source (ODg, <0.5); (ii)
increased lag phase duration and doubling time; and (iii)
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reduced cell number of H. meridiana from control condi-
tions. Cultures adjacent to 0.5 and 1 M solutions may have
experienced enhanced nitrogen assimilation but likely
experienced an overriding toxicity effect including inter-
nal alkalization and disruption to the internal H* pool that
ultimately led to the deleterious growth effects described.
This is a function of ammonia concentration; we have pre-
viously demonstrated 0.05 M ammonia as a habitable limit
for H. meridiana [30]. It is thus in accordance with this that
cultures adjacent to 0.1 M ammonia showed an ammonia
content below this limit. Concentrations above this limit
were observed in 0.25 M, 0.5 M, and 1 M cultures where
growth or viability was significantly impacted. Our findings
indicating a correlation between increased concentrations of
NH; gas and reduced cell growth has also been demonstrated
using other forms of toxic gas [90-96].

In extraterrestrial icy worlds, ammonia is a primordial
component incorporated into subsurface oceans. Fluid net-
works are expected within the overlying ice shells and could
function as potential habitats [57-60]. It is possible fluids
within the ice shell networks closely mimic, or are identi-
cal to, the composition of the ocean below and thus con-
tain ammonia. However, it is feasible NH; gas may also be
formed in these environments and thus influence habitability
in addition to solubilised ammonia. For example, NH; gas
may be produced by a process of exsolution at the plume
vent region of Enceladus and expelled. NH; gas adsorbed
onto the plume vent ice walls may then migrate through the
ice shell to fluid networks. Alternatively, fractures through
the ice shell that connect to the near vacuum surface could
provide the pressure to facilitate NH; volatilization from
connected fluid networks or the ocean if also permitted by
pH and temperature. Volatilized NH; migrating up a frac-
ture shaft may then disperse and dissolve into other fluid
networks that intersect with the fracture region, impacting
the potential for habitability in these environments.

The work presented here mimics an NH; exposure sce-
nario. We have shown that the spatial migration of ammo-
nia impacts the concentration of ammonia dissolved into a
solution and thus the growth of H. meridiana. We provide
proof-of-principle evidence that the concentration of ammo-
nia solubilized determines whether growth is facilitated or
hindered. At low concentrations, addition of bioavailable
nitrogen in the form of ammonia can facilitate growth,
while higher concentrations can exert toxic cellular effects.
On Enceladus, a hypothetical scenario can be argued; NH;
volatilized at the base of a fracture site may be more harm-
ful at this site and less harmful as the gas migrates up,
absorbs onto ice walls and fluid networks, and deceases in
concentration.

We also demonstrated that environments neighbouring
an ammonia concentration of 0.1 M improved growth of H.
meridiana, while environments adjacent to concentrations

exceeding 0.1 M became detrimental to growth and viability.
This would indicate environments adjacent to such concen-
trations may be habitable but display an altered bacterial
community structure. For example, alkaliphilic bacteria may
survive and propagate with greater abundance than alka-
litolerant bacteria, such as H. meridiana, that may grow
slower. It is notable 0.1 M ammonia is the upper concen-
tration boundary approximated for the ocean of Enceladus
[61]. These thresholds are specific to H. meridiana; gener-
alized habitability thresholds in NH; gas could be further
constrained using a diversity of bacterial species. Indeed,
comparisons with literature show that direct exposure to 0.1
M ammonia has been found toxic to neutrophilic E. coli
and B. subtilis under icy moon conditions [28]. In accord-
ance with our results, solutions where the NH; concentration
exceeds 0.1 M can be survived by a diverse array of bacteria
under standard terrestrial conditions including: B. subtilis T5
(0.15 M NH,) [27], isolated sulfate-reducing bacteria (0.2 M
NH;) [29], Staphylococcus aureus (0.3 M NH;), Enterococ-
cus faecium (0.3 M NHj;), Micrococcus luteus (0.3 M NHj),
Salmonella typhimurium (0.3 M NH,), B. cereus T41 (0.3
M NH;), Proteus pumilus (0.5 M NH;), B. pumilus (> 0.5
M NH;), and B. pasteurii (> 0.5 M NH;) [27]. Thus, there
is reason to believe such concentrations of NH; gas volatil-
ized from an ammonia source could be survived by a range
of species, although growth may not be optimal.

The temporal effects of NH; gas were also demonstrated.
Due to the use of an open-air system, cultures of H. meridi-
ana exhibited cell density recovery with time when adja-
cently exposed to ammonia at all concentrations. This is
comparable to our previous study which demonstrated H.
meridiana cell numbers recovered over time with ammonia
evaporation from culture media [30]. The spatial toxicity
imposed by ammonia is therefore transient and suggests eco-
systems exposed to NH; would only be temporarily affected
if there is a pathway to ammonia dispersal into the bulk
atmosphere. This may occur on Enceladus if NH; outgassing
from the ocean is infrequent. Presumably, continuous expo-
sure would exert a continuous deleterious effect on growth.
It is crucial to note these results do not infer an increased or
decreased likelihood of life existing on icy moons. Indeed,
many other factors will influence habitability. It may be
found these environments are habitable but not inhabited.
Rather, these results show that NH; gas is a chemical param-
eter that could influence the potential for habitability in a
spatiotemporal manner. The presence of NH; gas should
thus be considered when constraining targets for astrobio-
logical exploration.

On Earth, localised “point sources” of ammonia pollution
have been identified in both agriculture and industry [72].
This would suggest long-term spatial effects on nearby bac-
terial communities according to the results of this study. H.
meridiana was selected as an organism that could survive in
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cold, saline and alkaline fluids under pressure. However, H.
meridiana is also a mesophile, grows optimally at standard
pressure and can grow at neutral pH. This organism, and the
growth results presented, can thus represent bacteria with-
out extremophilic adaptations and indeed our results are in
accordance with other, diverse bacteria as outlined.

To more accurately assess the ecological impact of NH;
gas, a natural extension of this work would be to consider
evaporation rate of NH;. The importance of evaporation rate
in temporal toxicity may account for a discrepancy observed
between the cell density achieved at 48 h in cultures sur-
rounding 1 M ammonia (Fig. 2E) compared to the cell den-
sity reached at 48 h in cultures adjacent to 1 M ammonia
in Fig. 3]. The evaporation rate of essential oils has been
shown to effect the minimal inhibitory dose (MID) against
Staphylococcus aureus and E. coli, with rapid evaporation
producing a higher vapour concentration that reduces the
MID required [97]. This research indicates discrepancies
between experiments could be attributed to altered rate of
ammonia evaporation, and thus delivery of NHj;, driven by
differences in the culture instrumentation and shaking speed.
A continuation of this work would be to alter atmospheric
pressure or incorporate an air flow system. The incorpora-
tion of such measures could more accurately replicate in situ
environments relevant to icy worlds and in anthropogenic
NH; pollution.
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Chapter 6 appendix: Growth, physiology and metabolism of
Halomonas meridiana in aqueous ammonium sulphate with
implications for icy moon astrobiology

This following supplementary material originally appeared in Frontiers in Microbiology, 19"
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Supplementary Figure S1. Cell viability and optical density at 600 nm over 24
h. Column graph shows the PrestoBlue™ cell viability (black bars) against optical
density at 600 nm (ODeoo) (striped bars) of Halomonas meridiana sampled at 0, 2, 4,
6 and 24 hours. Column heights represent the mean + s.d. (n = 3).
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Supplementary Table S1. Statistical p-values for the mean ODsoo of H. meridiana
after 48 h growth in 0.5 M (NH4)2S0O4 vs. 0.5 M sulfate salts and 0.25 M (NH4)2SO4

vs. 0.5 M ammonium salts, including HCI pH-matched solutions

0.5M
NH4CI NH4sNO3 [ HCIpH 5.9 | Na;S0O4 | K2SO4 | HCIpH 5.8
0.25 M (NH4)>SO4 | 0.359 0.765 0.636
0.5 M (NH4)2SO4 >0.999 | >0.999 >0.999




Supplementary Table S2. Statistical p-values for the mean aw of (NH4)2SO4 vs.
sulfate salt and ammonium salt solutions at concentrations of 0.1 M, 0.5 M and 1 M.

0.1 M
NH4CI NH4sNO3 Na,SO4 K2SO4
0.05 M (NH4)>SO4 | 0.0558 0.233
0.1 M (NH4)2SO4 0.205 0.133
05M
NH4CI NH4sNO3 Na,SO4 K2SO4
0.25 M (NH4)2S04 | >0.999 >0.999
0.5 M (NH4)>SO4 0.382 0.448
1M
NH4C| NH4N03 NaQSO4
0.5 M (NH4)2S0O4 0.624 0.999
1 M (NH4)2SO4 0.126




Supplementary Table S3. Metabolites significantly altered (p-value lower than 0.05,
FDR corrected) between the treatment conditions assessed by unpaired t-test (n =
3). Unpaired t-test analysis was performed using the web-based software
MetabAnalyst 6.0.

Metabolite t.stat p.value -log10(p) FDR
O-Succinyl-homoserine 284 .81 9.12E-10 9.0401 0.000000482
Lumazine -215.6 2.78E-09 8.5565 0.000000734
Fumarate 157.57 9.73E-09 8.0118 0.00000172
Poly-(glycine)5 118.74 3.02E-08 7.5204 0.00000281
N,N-Dimethylglycine -115.03 3.42E-08 7.4654 0.00000281
N6-(delta2-Isopentenyl)- 110.46 4.03E-08 7.3949 0.00000281
adenine

Glutamine -109.44 4.18E-08 7.3787 0.00000281
4-Coumarate -108.97 4.25E-08 7.3713 0.00000281
Dihydrobiopterin 87.054 0.000000104 6.9814 0.00000558
L-Serine -86.816 0.000000106 6.9766 0.00000558
NVNDVIAPAFVK (Tryptic | -80.982 0.000000139 6.8558 0.00000665
Peptide)

Hypoxanthine -79.387 0.000000151 6.8213 0.00000665
Glutarylcarnitine -75.613 0.000000183 6.7367 0.00000746
2-Deoxyadenosine-5- 53.753 0.000000717 6.1444 0.0000271
monophosphate

PC 36:05 48.724 0.00000106 5.974 0.0000365
Indole-3-ethanol -48.248 0.0000011 5.957 0.0000365
Inosine -38.925 0.0000026 5.5847 0.000081
Imazapyr -37.711 0.00000295 5.5297 0.0000828
Pyridoxine -37.641 0.00000297 5.5265 0.0000828
PE 37:01 34.213 0.00000435 5.3611 0.00011517
D-allo-Isoleucine 31.901 0.00000576 5.2399 0.00014499
Indole-3-pyruvate -31.113 0.00000636 5.1966 0.0001529
Guanosine -28.125 0.00000951 5.0219 0.0002187
PS 40:01 -23.28 0.0000202 4.6951 0.00044474
Deoxyguanosine -22.083 0.0000249 4.604 0.00052664
2-Amino-2- -20.833 0.0000314 4.5035 0.0006383
methylpropanoate

Stearic Acid (18:0) 16.285 0.0000832 4.0798 0.0016302
2-Methylnaphthalene 15.07 0.000113 3.9469 0.0021349
Oxoproline -13.984 0.0001517 3.819 0.0027672
Protoporphyrin -13.423 0.00017817 3.7492 0.0031417




Supplementary Table S4. Volcano analysis comparing molecular features in the 0.5
M (NH4)2SO4 dataset against the control dataset (n = 3), where metabolites identified
in the analysis exhibited a fold change (FC) greater than 2 and a p-value < 0.05
(adjusted using FDR correction). Volcano analysis was performed using the web-
based software MetabAnalyst 6.0.

Metabolite FC log2(FC) p.ajusted -log10(p)
Glutarylcarnitine 1.23E-09 -29.595 7.46E-06 5.1272
Hypoxanthine 1.47E-09 -29.345 6.65E-06 5177
Deoxyguanosine 1.50E-09 -29.31 0.00052664 3.2785
Indole-3-ethanol 1.72E-09 -29.115 3.65E-05 44377
Guanosine 3.16E-09 -28.239 0.0002187 3.6601
NVNDVIAPAFVK (Tryptic 3.55E-09 -28.07 6.65E-06 5177
Peptide)

Inosine 5.10E-09 -27.547 8.10E-05 4.0917
4-Coumarate 6.19E-09 -27.266 2.81E-06 5.5509
Lumazine 8.84E-09 -26.753 7.34E-07 6.1341
Glutamine 1.15E-08 -26.371 2.81E-06 5.5509
L-Serine 1.20E-08 -26.312 5.58E-06 5.2532
N,N-Dimethylglycine 2.81E-08 -25.083 2.81E-06 5.5509
Protoporphyrin 3.11E-08 -24.94 0.0031417 2.5028
Imazapyr 3.46E-08 -24.784 8.28E-05 4.0818
Indole-3-pyruvate 4.16E-08 -24.517 0.0001529 3.8156
Pyridoxine 5.48E-08 -24.12 8.28E-05 4.0818
PS 40:01 3.16E-07 -21.592 0.00044474 3.3519
N-Methylaspartate 0.10785 -3.2129 0.034078 1.4675
Oxoproline 0.11152 -3.1646 0.0027672 2.558
2-Amino-2-methylpropanoate 0.13412 -2.8984 0.0006383 3.195
2-Acetamindo-2-deoxy-beta- 0.1417 -2.8191 0.010995 1.9588
D-glycosylamine

N-acetyl-L-aspartate 0.15917 -2.6514 0.026225 1.5813
Nicotinamide 0.30151 -1.7297 0.041236 1.3847
4-Guanidinobutanoate 0.43137 -1.213 0.03852 1.4143
Trigonelline 2.2167 1.1484 0.032461 1.4886
Stearic Acid (18:0) 2.4299 1.2809 0.0016302 2.7877
PC (18:1/18:1) (del9-trans) 4.8262 2.2709 0.0074116 2.1301
4-Quinolinecarboxylate 7.1661 2.8412 0.026225 1.5813
L-aspartate 7.2425 2.8565 0.03852 1.4143
D-allo-Isoleucine 8.4184 3.0735 0.00014499 3.8387
PC(16:1(92)/16:1(92)) 11.35 3.5046 0.026225 1.5813
PE (0-34:03) 46.154 5.5284 0.022706 1.6439
2-Deoxyadenosine-5- 5141100 22.294 2.71E-05 4.5671
monophosphate

2-Methylnaphthalene 41599000 25.31 0.0021349 2.6706
PE 37:01 70589000 26.073 0.00011517 3.9387




Poly-(glycine)5 95621000 26.511 2.81E-06 5.5509
NG-(delta2-Isopentenyl)- 122200000 26.865 2.81E-06 5.5509
adenine

Dihydrobiopterin 200910000 27.582 5.58E-06 5.2532
Fumarate 743070000 29.469 1.72E-06 5.7655
O-Succinyl-homoserine 1.44E+09 30.421 4.82E-07 6.3166
PC 36:05 1559700000 30.539 3.65E-05 44377




Supplementary Table S5. Outcome of the pathway analysis depicting pathways
identified in the metabolomics dataset as significantly changed (p-value = < 0.05;
FDR = < 0.05). Pathway analysis was performed using the web-based software
MetabAnalyst 6.0.

Pathway Match p-value FDR
Sphingolipid metabolism 1/3 1.05x107 | 6.54 x10°
Nitrogen metabolism 2/6 571 x107 [ 1.77x10°
Purine metabolism 22/70 | 5.36 x10° 0.00111
Glyoxylate and dicarboxylic acid metabolism 7/32 3.03 x10* 0.00382
Glycine, serine and threonine metabolism 5/33 3.08 x10* 0.00382
Arginine biosynthesis 714 4.43 x104 0.00414
Alanine, aspartate and glutamate metabolism 11/28 4.67 x10* 0.00414
D-amino acid metabolism 4/15 0.00352 0.0249
Folate biosynthesis 2/26 0.00361 0.0249
Pyruvate metabolism 3/23 0.00405 0.0251
Butanoate metabolism 3/15 0.00454 0.0256
TCA cycle 5/20 0.00862 0.0445






