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Abstract

Hypersaline environments are subjected to dynamic environmental conditions which can result in the
precipitation of salts, including halite. Microbial communities can get trapped inside fluid inclusions
of halite, primarily haloarchaea. The entombment can be an advantage, including the protection
afforded by halite to shield against intense radiation, which complements the inherent radiation
resistance of many haloarchaea. We tested the capacity of the haloarchaeal species, Halobacterium
salinarum NRC-1 and Halobacterium noricense Al, and the halophilic bacterial species, Salinibacter
ruber M13, to tolerate UV and ionising radiation when in halite crystals. All species survived UV
irradiation when in halite crystals and, with different lag phases, they even survived an ionising
radiation dose of 5 kGy.

Halobacerium salinarum NRC1 was entombed in halite crystals, and its proteome examined
at 42 days of entombment compared with growth prior to entombment. This strain down-regulated
proteins involved in transcription and translation, suggesting that its energy is primarily devoted to
maintenance. In contrast to all other ribosomal proteins detected, ribosomal protein L13 had an
elevated abundance at day 42, suggesting that it has a role connected with long-term survival. We
also found the up-regulation of several proteins, highlighting the existence of on-going anaerobic
metabolic activities.

We explored the biodiversity of the Dead Sea entrapped in halite deposited from 1980 to
present, and to this end, in November 2021, we collected samples of water and halite and the DNA
was extracted. Archaeal and bacterial 16S rRNA genes were amplified from these halite crystals and
water samples. Overall, we have gained insights into the radiation resistance of entombed halophiles,
started to understand the mechanisms by which Haloarchaea survive inside halite, and indication
about which Haloarchaea preferentially survive in halite in the environment. The findings of this

study have implications about the survival of life on Earth, and opens the possibility of life elsewhere.
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Chapter 1: General introduction

1.1 Microbial longevity: the case of Halophiles

1.2 Hypersaline environment and life associated with it

1.3 Halite as a protective environment

1.5 Longevity in halite: a model system to investigate extraterrestrial life
1.6 The geological context of Mars

1.7 Detection of life on Mars: first attempt

1.1 Microbial longevity: the case of Halophiles

Among the first documents reporting the discovery of living microorganisms in ancient
samples, the one from Lipman (1931), led the research to focus on the longevity of microorganisms.
The author pointed out the need to investigate the long-term survival of microorganisms entrapped in
different chemical compounds, in the case of his study, the anthracite coal. The scientific community
at that time was skeptical about any possible positive results resulting from such studies for many
reasons. The first and obvious one, was regarding the isolation techniques in order to prevent
contamination; a concern that is still present nowadays. Since then, it was just in the 1960s that the
first cultivations of halophiles have been reported (Dombrowski, 1963; Reiser and Tasch, 1960).
Indeed, there is still no availability of a unique method that will permit to isolate microorganisms
from ancient samples, in addition to this, determining the age of the living microorganism found

inside (and so, determining if it is not the result of contaminations) is still a big challenge.

Fish et al., (2002) detected 16S ribosomal RNA gene fragments from halite samples ranging in age
from 11 to 425 Myr, but it was difficult to assess whether the DNA originated from intact
microorganisms or whether it was free DNA from lysed cells. However, a conclusion has been that
DNA entrapped in halite can survive over geological timescales. Proof that Haloarchaea have

remained viable in the subsurface of different hypersaline environments have been reported in several
1



studies; there is evidence of isolation of archaea from samples older than 100,000 years, albeit the
most ancient samples are controverse and the reproducibility is very low (Mormile et al., 2003;
Schubert et al., 2010a). Although viable prokaryotes have been reported from fluid inclusions in
ancient halite, discussions have arisen about their longevity, possible damage of the DNA, and the
conditions required for long-term survival (Hebsgaard et al., 2005). However, evidence is
accumulating, and new and independent methodology have been used, and many studies have now
reported the isolation of viable cells from old and ancient halite (summarized in Table 1.1). The great
question is how they have been surviving or even thriving in such a closed, low-nutrient, salty
environment. To this end different explanations have been proposed. On one side, salt is known to
preserve to some extent macromolecules, and this has been extensively reviewed (Grant et al., 1998).
On the other side, the idea of simple food chains and mutual interactions that may occur between
microorganisms in fluid inclusions in salt may provide an answer to the energetic demands, yet,
considering the potential, this has been poorly explored. It has been reported in different studies that
co-cultures of halophiles could enhance the longevity of specific strains. Gramain et al. (2011) found,
for example, that co-cultures of Salinibacter and Haloquadratum survive for longer and with more
rapid growth in the recovery media in the than when grown alone, remaining viable for the 26 months
duration of the experiment. The same study also reported specialists, e.g. Halobacterium sp., at long-
term survival in halite, and it has been estimated that haloarchaea could survive by feeding on co-
entombed microorganisms for millions of years (McGenity et al., 2008). In this perspective, it is
worth mentioning the role of Dunaliella salina, a halophilic green micro-algae that is entombed with
halophilic microbes as brines evaporate: the glycerol it produces, which serves as an osmolyte, along
with all components of dead cells, can serve as carbon and energy source for a certain period of time
(Lowenstein et al., 2011; Schubert et al., 2010b)



Table 1.1. Papers reporting both isolation of organisms and detection of genetic material. The main concern about papers
reporting very old samples is about the sterilization procedures they have been used and laboratory contaminations.
Although it is reported that salt is widely known as good milieu for preserving biological molecules, great care should be

taken in assuming that it is the only best preserving milieu. This table is not exhaustive.

Age of the sample

Organism Reference Evidence
(My)
0.022 - 0.034 Haloarchaea Schubert et al. 2010 16S and 1solates
0.022 — 0.034 Haloarchaea Sankaranarayanan et al. 16S

0.0096 and 0.097

Halobacterium
salinarum

2014

Mormile et al. 2003

16S and 1solates

53-1.8 Halobacterium spp. Gramain et al. 2011 168 and isolates
11-16 Halobacterium Fish et al. 2002 168
noricense
23 Haloarchaca including Park et al. 2009 168
Halorubrum spp.
38 —41 Halobacreriu_m and Jaakkola et al. 2014 isolates
Halolamina
112 - 121 Haloarchaea Vreeland et al. 2007 isolates
123 Halobac.'rermm Jaakkola et al. 2016 isolates
hubeiense
121 and 419 Halobacterium Park et al. 2009 16S

Demonstration of whether intact microbial cells remain viable for longer than thousands of years has
remarkable implications regarding the resilience of these microorganisms, and this raises questions
about the physiological mechanisms about their survival, metabolism and DNA preservation (Grant

et al., 1998; McGenity ef al. 2000; Vreeland et al., 2000).



1.2 Hypersaline environment and life associated with it

Halobacterium salinarum is a model organism for Haloarchaea and is able to live at 5 M NaCl,
thriving in environments close to saturation with salt, hypersaline environments. Generally,
halophiles have two strategies to cope with high levels of salt; in the first one, the halophilic organism
accumulates organic compatible solutes, in order to balance the osmotic pressure (Figure 1.1). One
of the most studied halophiles adopting this strategy is Dunaliella salina, known to accumulate
glycerol according to the salinity of the environment. This strategy, however, does not allow this
species to survive for long time in waters nearly saturated with salt, in fact, the maximum salinity
Dunaliella salina is able to withstand is 3.5 M (Oren, 2008). The second strategy is called “Salt-in”,
and is a strategy adopted by the extreme halophiles, like Halobacterium salinarum. With this strategy,

the halophile accumulates KCI to counteract the osmotic pressure of the surrounding salty waters.

/ : . : : . : High salt solution\

Figure 1.1. Schematic view of the three different possibilities of cells immersed in high salt solution. A: Non-halophilic

cell. B: Salt-in strategy, adopted by extreme halophiles. C: Accumulation of organic compatible solutes to counteract the

osmotic pressure.

The strategy adopted by extreme halophiles results in them having a proteome with an excess ratio
of acidic to basic amino acids. To avoid problems such as unfolding and instability, proteins of
Halobacterium salinarum, and Haloarchaea in general, are overall relatively negatively charged. This
feature has been extensively studied (Oren, 2013; Soppa, 2006) but it is not the only adaptation to
high salt environments; different works have investigated the stability of proteins with low
hydrophobicity in halophiles, and proposed this as an additional molecular signature of life in

hypersaline environments (Hutcheon et al., 2005; Lanyi, 1974). In another work, the authors
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investigate the physical and chemical principles sustaining the stability of proteins in high salt milieu,
and found that proteins that form coils in their secondary structure rather than alpha helices are
preferred in halophiles more than non-halophiles (Paul et al., 2008). In the same study, they also
investigate the physical and chemical structure of the DNA of halophiles for signatures of adaptation
to high salt. They found evidence in favour of specific selection on dinucleotide and synonymous
codon usage that are preferred in halophiles, and how this is a salt-specific signature: in fact, the
higher frequency of GA, AC and GT, reflect without doubts the preference of Asp, Glu, Thr and Val
typical of halophiles proteome (Paul et al., 2008).

It is known that halophiles tend to have a higher abundance of GC, and it is believed to be an
adaptation to intense UV radiation, and that Haloquadratum walsbyi compensate the lower GC-
content with more photolyases genes devoted to repairing UV damages (Jones and Baxter, 2016).
Paul and colleagues, in their study, suggest an additional explanation to the high GC-content of
halophiles: that high salt concentrations can result in the modification of the three-dimensional
structure of the DNA, enhancing the transition from B-DNA to Z-DNA.

The discovery of alternative three-dimensional structures of DNA brought about the possibility that
different formations might be at the basis of the regulation of transcription of specific genes, that are
more or less exposed according to the conformation of the DNA. At a physiological level (especially
of non-halophiles) the B-DNA is the most thermodynamically favourable as it corresponds to the
minimum of free energy and therefore is the more stable. The bases of B-DNA are found towards the
inside of the molecule and the phosphates towards the outside, with the deoxyriboses bridging the
two, the hydrophobic bases in the inside and the hydrophilic phosphates on the outside. A-DNA
exhibits a similar structure and contains molecules of water inside the DNA: this scenario can occur
when there is a lower amount of water in the milieu, compared to optimal physiological conditions.
The various structures resulting from different physical and chemical properties of the intracellular
milieu influence transcription: sequences can be differentially exposed and different protein-
regulators can differentially interact, according to the conformation of the sequences. This holds true
especially with the Z-DNA, an alternative structure that was first discovered in 1971 by Pohl and
Jovin (Pohl and Jovin, 1972). The authors synthesised a double-stranded oligomeric poly(dG-
dC)-poly(dG-dC), that in high salt concentration resulted in a left-handed with the G in “anti-” and
the C in “syn-" (for reference: B-DNA and A-DNA are right-handed and the bases are all in “anti-"),
a substantially different three-dimensional form of the more stable B-DNA (David and Cox, 2017).
Although this finding referred to a synthetic DNA in non-physiological high salt conditions, it has
been proposed that in physiological conditions, when there is energy to dissipate (for example in

points where the DNA is supercoiled) the transition from B-DNA to Z-DNA can occur (Drew et al.,
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1980; Pohl and Jovin, 1972). In the Z-DNA the major groove is less exposed whereas the minor
groove is more exposed: this has been proposed as a signal, as it exposes different sequences that can
interact with different proteins. Paul and colleagues suggest that the high GC-content in halophiles
might be a genomic signature of halophiles, as short d(GC)n sequences adopt the Z-conformation
(Paul et al., 2008), especially considering the “salt-in” strategy, that results in an intracellular milieu
to be high in salt concentration. Based on this, it is possible to speculate a possible role of regulation

of the transcription associated with alternative DNA structures.

1.3 Halite as a protective environment

Hypersaline environments are subjected to dynamic environmental conditions which can result in
precipitation of salt crystals, generally defined halite. Microbial communities living in those
environments can get entrapped in halite as a survival strategy and the work from Crits-Cristoph and
colleagues showed that inside nodules of halite the community is metabolically active, dominated by
Archaea (71%) of which the majority represented by the Halobacteria, Bacteria (27%) mainly
belonging to the Salinibacter genera and Eukarya (1%) (Crits-Christoph et al., 2016). Although such
microbial communities depend on the presence of moisture, halite can provide home for microbial
consortia constituted of members from the three domains of life, thriving in this extreme environment

(Figure 1.2).



Figure 1.2 Map of the northern Atacama Desert, Chile, showing the location of the study from Crits-Cristoph and
colleagues. B. Salar Grande halite field. C. Detail of halite with arrow indicating colonizing microbial communities. Is it
also possible to notice different metabolisms according to the different zones of the halite. From: Crits-Christoph et al.

2016.

In another study on the same location, Uritskiy and colleagues found that the community composition
of microbes inhabiting the halite can change according to major episodes of rain, in which the
community enters an unstable intermediate state, resulting also in a change in protein contents due to
a higher availability of water. As such, these highly specialized communities are more vulnerable to
change compared with generalist communities; this makes halite microbiomes ideal for studying
temporal dynamics of microbial communities (Uritskiy et al., 2019). Such studies could potentially
help addressing the huge deposition of halite during the Messinian Salinity Crisis (see section 3).

Fendrihan et al., (2009) explored the role of halite as a shield against radiation: in this study, they
found that the survival of Haloarchaea inside fluid inclusions of laboratory-made halite when exposed
to simulated Martian UV-radiation was 2 order of magnitude higher than when exposed in liquid
culture (dose of 37% survival) (Fendrihan et al., 2009). The same study concludes with the hypothesis

that potential life on Mars could survive damages by UV-radiation.



1.4 Halophiles’ abilities enabling long-term survival

Halophiles, when entombed in fluid inclusions of halite crystals, face changes in many environmental
parameters such as those of space restriction, variations in extracellular salt composition and
concentration, pH and availability of oxygen. Therefore, they would have special adaptations to all
these changes in order to survive for long periods of time entombed in salt crystals. The most relevant
adaptation enabling those halophilic microbes to live in salt-saturated environment is a great excess
of acidic amino acids composition in the proteins, required to withstand the high salt concentration.
The acidic proteins found in most of the halophilic microorganisms, go together with high
concentration of KCl, in order to provide osmotic balance of the cells. The osmotic adaptation and
the properties of proteins of Haloarchaea has been extensively reviewed by Oren (2013), as well as
what is known about other halophilic microorganisms from the domain of Bacteria, such as
Salinibacter ruber, an aerobic heterotrophic bacterium isolated from Spanish salterns (Anton et al.,
2002). The acidic nature of its proteins has been confirmed by analysis of its genome and the author
suggest this adaptation as an extensive exchange of genes with Haloarchaea found in the same
environment. Besides the acidic nature of the proteins, most halophilic microorganisms can also
accumulate compatible solutes, uncharged and usually zwitterionic molecules, of which the
concentration can rapidly be adjusted according to a wide range of salinity (Oren, 2013). A clear
example of halophilic microorganisms using this strategy is given by Dunaliella salina, which
accumulates large quantity of glycerol for osmotic stabilization (Oren, 2014). This large amount of
organic carbon can be used as a source of carbon and energy for microbes entombed in fluid inclusions
when halite precipitate: remains of the microalgae have been found in ancient halite in a core from
Death Valley, CA (Lowenstein, ef al. 2011). The presence of dead cells of D. salina can, in part,
explain the long-term survival of Halophiles in fluid inclusions of halite.

Hypersaline environments are generally colored in red: halophilic microorganisms are indeed
equipped with red pigments that give this coloration to the environment. The evolution of this feature
is mainly due to the fact that hypersaline environments, beside salt, are subjected to high doses of
UV-radiation, so the presence of carotenoids and derivatives help mitigating UV-radiation damages
(Shahmohammadi et al., 1998). However, Haloarchaea have also important adaptations helping them
contrasting the damaging effect of UV-radiation, as well as ionising radiation. It has been
hypothesized that, besides the presence of carotenoids and genes involved in DNA repair, the high
content in G + C in the genome of Haloarchaea can be attributed in part to a genomic strategy, which
reduces the genomic photoreactivity (Jones and Baxter, 2016). In this study, the only outlier of this

hypothesis is Haloquadratum walsbyi, having only 48% G + C content compared to the 63.09%
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(mean) found in Haloarchaea. However, this halophilic archaeon has a higher number of photolyase
genes, which can explain its ability to counteract solar DNA damage. The correlation between a
higher content in G + C and reduced DNA damages caused by UV-radiation is due to the fact that it
reduces the number of thymines present, which in turn, reduces the number of TT lesions in the DNA
(Jones and Baxter, 2016). Haloarchaea have also specific strategies to cope against ionising radiation
and IR-induced oxidation: it has been established that a high intracellular Mn increases the tolerance
of the organism to ionising radiation (IR) (Daly et al., 2004; Webb et al., 2013). The accumulation of
antioxidant Mn-complexes can confer radioprotection to the cell, and Mn can also enhance oxidative
stress resistance by substituting as a cofactor for iron in certain enzymes susceptible to oxidative
attack, however, this alone cannot explain the resistance showed by radiation-resistant
microorganisms. Indeed, as concluded by Webb and colleagues (2013), the increased tolerance of
Hbt. salinarum 1is a result of metabolic regulatory adjustments and the accumulation of Mn-
antioxidant complexes.

All the strategies listed so far, increase the chance of long-term survival of Haloarchaea in fluid
inclusions, however, further research is needed to investigate which mechanisms enable specific
species of Halobacteriaceae to be found alive in ancient halite. In a first attempt to determine whether
a metabolic change can be responsible of such ability, Gramain (2009) extracted proteins from
laboratory-grown halite with entombed microbes. As observed by A. Gramain (2009), in response to
the process of being entombed Hbt. salinarum NRC-1 accumulates fumarate. Three different
explanations have been given: Marwan and colleagues (1990) indicated the fumarate as a player in
the rotation of the flagella, however, an increase in motility would bring also an increase in energy
consumption. Oren (1991) investigated its role as a terminal electron acceptor in anaerobic
conditions; it might be that the fumarate could be actively produced by microorganisms entombed in
order to deal with the change in oxygen content and so the consequent change in their metabolism.

Further analysis is needed to confirm this hypothesis.

1.5 Longevity in halite: a model system to investigate extraterrestrial life

The question on how life originated remain unanswered, and different theories have been proposed
during the years to explain the origin of life on Earth. Among three main views, the theory of
Panspermia supports the idea that life did not originate on Earth, but was brought here from elsewhere
in space by meteorites, asteroids or comets. This theory though only moves the question further, on
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how life began elsewhere in the space. One of the rationales behind this theory is related to the origin
of water present on Earth, and as a consequence of this, and other geological and geochemical
features, the presence of life. Morbidelli et al., (2000), summarized different phases of accretion of
water on Earth throughout its formation. According to astronomical models, at the beginning of Earth
formation, when the planet was still embedded in the solar nebula, it was water-depleted. Later,
hydrated 10 km asteroids came from the outer, bringing, potentially, the amount of water presently
existing on our planet. However, because of the small mass of the Earth at that time, very little of it
should have been retained during the collisions that completed the Earth’s formation. When Jupiter
accreted up to its current mass, a rapid depletion of the asteroid belt occurred and the forming Earth,
experienced a shower of asteroids. The scientific group found that in their simulations, towards the
end of its formation, the Earth accreted few planetary embryos coming from the asteroid belt, which
were heavily hydrated (Morbidelli et al., 2000). In the Solar System, Mars and Earth are neighbors,

and are therefore most likely to share certain early geological processes (Figure 1.3).
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Figure 1.3. Schematic representation of the present Solar System. The asteroid belt is located between the four terrestrial
planets most close to the Sun and the two gas giants Jupiter and Saturn. The geological history of Mercury, Venus, Earth
and Mars is most likely to be common, whereas Jupiter and Saturn, due to their gaseous nature evolved independently.

Credit: Wikipedia.

However, sharing certain early geological processes is not enough: indeed, the distance from the star
is key to have liquid water on the surface. A “habitable zone” is defined by the right distance from
the star to have liquid water on the surface, and Mars is very close to this boundary. However, the
absence of a thick atmosphere makes Martian surface exposed to the radiation coming from the Sun

and outer space, that strip away gaseous and liquid molecules from its thin atmosphere.
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The isolation of viable extremely Haloarchaea from ancient rock salt suggests the possibility of their
long-term survival. Since halite has been found on Mars (Rieder et al. 2004; Squyres et al. 2006) and
in meteorites (Gooding, 1992; Treiman et al., 2000; Zolensky et al., 1999), the potential to find
surving life-forms or any sign of past life on Martian surface or subsurface is intriguing. Halophilic
microorganisms are a good model to investigate putative signs of past or present life on Mars, based
on at least three counts: 1) they are able to live and thrive at high levels of salinity, 2: evidence that
haloarchaea survive entombed in salt crystals for millions of years, 3) evidence that they can recover
from radiation damages (Baliga et al., 2004). There is increasing evidence that in the early history of
Mars there would have been liquid salty water on the surfaces that now is dried out (Carr 1996;
Gendrin 2005). Images have been taken of more than 200 places where thick salt layers exist
(Osterloo et al. 2008); these ancient salt deposits could be spots we might look at for the signs of past
life. It could be plausible that life has survived during the period of time when Mars could have been
habitable and the present day. Any salts crystals could preserve or record the existence of life on Mars
and to support this theory, investigation of Mars analogues on Earth would be pertinent to this

important Mars question.

1.6 The geological context of Mars

It is well-known that hypersaline brines can extend the range and stability of liquid water on Earth
such as Deep Lake Antarctica, where Haloarchaea have been isolated. When looking for possible
habitable exoplanets in respect to Haloarchaea, such a planet would have to have two major
environmental factors present: water and salt. Characterization of Martian surface has yielded
evidence of hypersaline ancient lakes on early Mars and were widely distributed in space and likely

an order of magnitude more saline than terrestrial seawater (Ojha et al., 2015; Tosca et al., 2008).
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Early Mars

Figure 1.4. From “Pearson education (2012)”. Schematic illustration comparing early Mars and present Mars. Early Mars
was warmer, and the core generated a stronger magnetic field, protecting the atmosphere from solar radiation. Present
Mars lacks core convection, resulting in the absence of a global magnetic field. This causes the solar wind to be strong
on the surface, stripping away the thin atmosphere, which results in a colder environment.

Many previous studies draw a picture of early Mars as being a warmer and wetter planet with a
substantial amount of water earlier in its history, indicating the possibility of hypersaline brines on
early Mars. More recently, evidence for water vapor in excess of saturation in the atmosphere has
been shown, and it has also been highlighted that Mars is a salt rich environment. It is therefore
intriguing to postulate that although Mars today is an inhospitable planet for life, Haloarchaea may
have been enclosed in one of those brines and lying dormant over geological time there ever since.
Although life on these planets and moons would be possible under certain circumstances, no trace of
life has yet been found on either of them. However, further explorations and refined techniques for
the detection of life may alter that. The most important challenge life on Mars has to face is protection
against solar and cosmic radiations: the ability of Haloarchaea at long-term survival and strategies
against radiations, coupled with the shielding properties of halite, makes them an interesting model

to address the question of present or past life on Mars.
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1.7 Detection of life on Mars: first attempt

Historically speaking, the first attempt to look for life on Mars were the Viking lander mission (Klein,
1978). The Viking landers were launched with the purposes of finding evidence of microbial life on
the planet. The entire experiment comprised three sub-set of experiments:

- Labeled release experiment — Here the nutrients were tagged with radio-labeled carbon,
subsequently released in the soil. The basic idea was that nutrients would have been used by microbes
and, in turn, released radioactive CO2 as a byproduct. The latter could have been picked up by the
instrument as a demonstration that there were metabolically active microbes in Martian soil. The
result of this was indeed gas, but such a result has never been obtained again (Oyama et al. 1976).

- Gas exchange experiment — The instrument released nutrients into the soil. If microbes were
there, the instrument would have recorded any gases, namely methane, hydrogen, oxygen, that might
be the products of biological activity. Here, the instrument was able to detect oxygen, but they found
out that oxygen was also produced in the negative control (Klein, 1978).

- Pyrolytic release experiment — The idea was that the carbon dioxide would have been taken
up by any microorganisms able to use it as a carbon source, so the instrument released into the soil
radio-labeled carbon dioxide. As a result, radioactive carbon was found both in the experiment and in
the negative control (Hubbard 1976).

Although it is difficult to see any possibility for Martian metabolism in these experiments, the results
were overall not negative, so the author claimed that there must be something else reacting with the

Martian soil.
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Chapter 2: Long-term survival of halophiles in laboratory-made halite and

characteristics of halite precipitation

Abstract

Several reviews have provided a description of parameters that limit life (i.e., temperature, pH,
pressure, salinity, and radiation); interestingly, time has rarely been considered as such. Hypersaline
environments, home for halophilic microbes, are subjected to occasional periods of evaporation from
which salt crystals of halite can result. Many fluid inclusions can be found embedded in halite, and
in those fluid inclusions, halophilic microbes can get entrapped. Evidence that specific microbes can
survive over a geological time scale is accumulating and has remarkable implications about the
longevity of life on Earth and opens to the possibility of life elsewhere. Halobacterium spp., for
instance, are considered specialists in long-term survival.

This chapter attempts to address whether the chlorophyte, Dunaliella salina can survive inside fluid
inclusions, and whether it enhances survival of Halobacterium spp. by experimentally entombing
them individually and together. Halobacterium species are able to survive over 35 weeks in fluid
inclusions of lab-made halite, with no nutrients. Dunaliella salina was able to survive the process of
entombment, however, it did not survive beyond 2 days. Interestingly, the co-presence of
Halobacterium 91-R6 had a significant positive effect on the speed of recovery of Dunaliella in the
first days of entombment. Additionally, dynamics between the precipitation of halite and the life

evolved in association with it may exist.
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2.1 Introduction

2.1.1 Halophiles in fluid inclusions of halite

Hypersaline environments are very dynamic, subjected to period of desiccation and periodic rain that
dissolves salt crystals. As reported in the main introduction (Chapter 1), evidence from several studies
adds to the proof that Haloarchaea have remained viable in the subsurface of different hypersaline
environments. These studies together increase the evidence base that Haloarchaea are able to survive
over geological time scale (Gramain et al., 2011; Jaakkola et al., 2016a, 2014; Mormile et al., 2003;
Schubert et al., 2010a). Many of these studies reported the isolation of halophilic microorganisms
representing the species of Halobacterium, among others, from the class Halobacteria. Gramain et al.
(2011) concluded that Haloarchaea are specialists in long-term survival, opening to the possibility
that there could be specific mechanisms enabling the longevity of Halobacterium species in fluid
inclusions over geological time scale. In the same study, the authors investigated the hypothesis that
co-entombment of different species might benefit the survival, and their results support this
hypothesis: they found that co-entombment of Haloquadratum walsbyi and Salinibacter ruber
enhanced survival of both species in laboratory-made halite crystals (Gramain et al., 2011).

2.1.2 The fluid inclusions microenvironment

The brine of fluid inclusions is composed of high levels of dissolved salt. Salt is known to preserve
to some extent macromolecules, and this has been extensively reviewed (Grant et al., 1998). In
addition to this, the idea of simple food chains and mutual interactions that may occur between
microorganisms in fluid inclusions in salt may provide an answer to the energetic demands. It has
been estimated that haloarchaea could survive by feeding on co-entombed microorganisms for
millions of years (McGenity et al., 2008). In this perspective, it is worth mentioning the role of
Dunaliella salina, the halophilic chlorophyte that can get entombed with halophilic microbes as
brines evaporate. The glycerol it produces, which serves as an osmolyte, along with all components
of dead cells, can potentially serve as carbon and energy source for a certain period of time. Evidence
of remains of large carotenoid-rich cells resembling D. salina were observed within 10-34 kyr and
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100 kyr old halite crystals from Death Valley, CA (Lowenstein et al., 2011; Orellana et al., 2013;
Schubert et al., 2010a). There is a crucial feature to take into consideration when documenting
prokaryotes in ancient halite: as pointed by Schreder-Gomes et al. (2022), it is important to look at
the petrographic context, in order to prove that the identified prokaryotes are the same age as the host
halite. When salt minerals precipitate, fluid inclusions are encased in the crystal lattice. Primary fluid
inclusions are created alongside the precipitation of the crystal a form characteristic structures called
“chevron bands”, whereas secondary fluid inclusions are the result of a second precipitation, and are
not considered representative of evaporative parent waters (Benison and Goldstein, 1999). Fluid
inclusions in halite may be altered even by moderate heat, however, methods exist to evaluate whether
fluid inclusions have been altered since entrapment, allowing the study of them to be considered
representative; a good representative of these methods is reported in Benison and Goldstein (1999).
In the same study, the researchers also described primary and secondary fluid inclusions, using
photomicrograph images. The alteration of the halite structure has effect on the biology relative to
the halite: levels of relative humidity may also alter halite structure. According to Crist-Cristoph et
al., (2016), deliquescence of halite can provide sufficient moisture to sustain a wide microbial

community constituted of members from the three domains of life (Crits-Christoph et al., 2016).

During previous experiments where laboratory-made halite crystals were created, we observed that,
although the chemical composition of the salt solution was always the same, crystals precipitated
differently in each new experiment. As crystals made in June and in October showed a different rate
of precipitation, the seasonal conditions in the lab were offered as a possible explanation.
Additionally, a somewhat diversity in the shape and size of the crystals was also observed. Norton
and Grant (1988) performed experiments aiming to understand the extent of microbial entrapment in
fluid inclusions, and its possible role in promoting halobacterial survival in salt, as well as a potential
influence of microbes on the precipitation of halite. Their findings suggest that lab-made halite
crystals forming from solutions heavily loaded with microbial cells contained more and larger
inclusions than crystals formed from sterile solutions, as well as reporting the survival of strains of
Haloarchaea within salt crystals, thus suggesting that biotic factors can influence the shape and the

size of the precipitating halite crystals.
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2.1.3 Aim of the study

The aim was to study the survival in lab-made halite crystals of three extreme halophiles, the Archaea,
Halobacterium salinarum 91-R6, Halobacterium noricense Al, and the Bacterium, Salinibacter
ruber M13, as well as the halotolerant green microalgae Dunaliella salina 19/18, individually and in

a combination of them, in order to explore:
1) the ability of Dunaliella salina to get entombed inside fluid inclusions of halite,
2) the ability of the individual species to survive the entombment,

3) the potential benefit of combining Dunaliella salina with Halobacterium salinarum 91-R6 on the

survival of each strain

In order to study the influence of different factors influencing the precipitation of halite, in
collaboration with Nora Georgiev, we explored:

4) the possible influence of different temperature, the presence of high humidity, and the presence of

microbes on the precipitation of lab-made halite crystals.

2.2 Methodology

2.2.1 Growth of strains

Halobacterium salinarum 91-R6 and Halobacterium noricense Al were grown individually in 500
ml flasks with 350 ml of Payne 20% NaCl growth medium (Payne 1960) (Table S2.1), at 30°C on a
shaker at 100 rpm. Salinibacter ruber DSMZ 13855 was grown in 500 ml flasks with 350 ml of
Salinibacter 936 medium (Table S2.3) at 30°C on a shaker 100 rpm. Dunaliella salina CCAP 19/18
(Borowitzka and Siva, 2007) was grown in the medium (50 ml) for Dunaliella, developed by Hard
and Gilmour (1996) (Table S2.2), in 300 ml flasks with a breathable cap, at 26°C with a 12:12 hour
light:dark cycle (intensity 141 pumol m? s™). Previous experiments in the laboratory showed that
species of Halobacterium reach the late exponential phase after seven days when grown in Payne
medium 20% NaCl (Figure S2.1).
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2.2.2 Entombment of halophilic microorganisms

The salt solution was prepared according to what has been published by Dyall-Smith (2009), modified
with a higher concentration of total salt (Table 2.1). Each organism to be entombed individually was
grown in 350 ml of growth media. When the late exponential phase was reached, 30 ml of cell culture
was centrifuged (8500 g, 4°C, 20 min) and the cell pellets were washed in 25 ml of 25% NaCl; 2.5%
MgS0O4-7H>0. Cells were resuspended in 100 ml of salt solution (Table 2.1) and cell concentrations
were determined by using a counting chamber. Where cell count was lower than 10% cell/ml,
additional 100 ml of cell culture was centrifuged, washed in salt solution, and the cell pellet dissolved
with the previous suspension. Each suspension was then poured into sterile 145 mm diameter Petri
dish was left, with lids off, on a disinfected, unused laboratory bench. The target cell concentration
for both single and co-entombment, as reported also in previous experiments, is in the order of 10®
cell/ml. In the co-entombment experiments the final cell number was the same, as multiple strains
were added equally up to a total of the order of 10® cell/ml (Figure 2.1). The complete precipitation

of lab-made halite took approximately eleven days.

Table 2.1. Salt solution formulation to mimic the concentrated brines where halophiles are found (Dyall-Smith, 2009).

Salt Concentration (g/L)
NaCl 240

MgSO,-7H0 35

MgClz-6H.0 30

KCI 7
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Figure 2. 1. (A) Petri dishes with salt solution (described in Table 2.1) and cells of Halobacterium salinarum NRC-1
(pinkish), D. salina 19/18 (green), and a mix of the two (brownish). (B) Early crystals forming after three days. (C) Detail
of single entombed of Halobacterium salinarum. Plates were left with lids open until complete crystallisation and then

stored with lids on.

2.2.3 Recovery of cells from laboratory-made halite

A mass equal to 0.3 g of salt crystals from each sample was aseptically placed into 15 ml of fresh
medium using sterilized forceps and incubated. Specifically, in the case of Halobacterium spp., salt
crystals were placed into 50 ml Falcon tubes with 15 ml of 20% NaCl Payne medium and placed on
a shaker (100 rpm), in the dark, at 30°C until first sign of growth was visible. In the case of D. salina
19/18, salt crystals were placed into 50 ml cell culture flasks, with breathable cap, with 15 ml of
Dunaliella growth medium, at 26°C (141 umol m™ s™!, on a 12:12 light:dark cycle). In the case of
multiple entombment, crystals were dissolved both in liquid media for Halobacterium spp. and in
liquid media for D. salina and kept at the respective conditions as mentioned above. The falcon tubes
and flasks were checked regularly until clear signs of growth were detectable by eye. The interval of
time between the dissolution of the crystal and the first sign of growth detectable by naked eye, was

defined as the time required by entombed cells to recover.
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2.2.4 Cell visualization inside fluid inclusions

In order to stain cells and visualize them, new salt crystals were prepared. As the dye is light sensitive,
the entire process was done in dark conditions. Cells of Halobacterium salinarum 91-R6 and
Dunaliella salina 19/18 were stained adding the MitoTracker to the growth medium at a 1:1000
dilution (to a final concentration of 1uM) (as described in Maslov et al., 2018). Previous trials of this
experiment showed that better microscopic images were obtained when the stained cells were then
washed with the salt solution, in order to get rid of the excess of stain. Subsequently, 500 pl of salt
solution with stained microbes were poured on ethanol-cleaned microscope slides and kept in dark
conditions until crystallisation was completed. The microscope observations were performed with the
supervision of Dr. Philippe Laissue (University of Essex). Samples were observed under the
fluorescence inverted microscope using a Nikon Eclipse Ti-E main body and NIS-Elements (version

3.21.03, build 705 LO) for image acquisition (as described in Laissue et al., 2020).

2.2.5 Influence of abiotic and biotic factors on the precipitation of lab-made halite

In this experiment, performed in collaboration with Nora Georgiev, two Haloarchaea Halobacterium
salinarum NRC-1, Halobacterium noricense Al, the microalga Dunaliella salina 19/18 and the
bacterium Salinibacter ruber M31 were grown in their respective medium (Section 2.2.1) and
entombed individually in laboratory-made halite, in replicates. Two types of brine were tested: the
first one had the composition of brine more closely mimicking the natural chemical condition of
hypersaline environments (as described in Dyall-Smith, 2009) (Table 2.1), the second brine tested
was only composed by 25% NaCl. Cells were collected by centrifugation (8500 g, 4°C, 20 min) and,
half were washed with salt solution (Table 2.1) and resuspended in this brine, the other half were
washed with 25% NaCl and resuspended in salt solution made only of 25% NaCl. Serial dilution of
each sample followed, and cell concentration was defined (Table S2.4), before pouring the cell
suspension in Petri dishes. In order to constrain information about the precipitation of laboratory-
made halite, we designed three setups with fixed environmental conditions, summarized in Figure

2.2. In Room 1, the Petri dishes with precipitating halite were left on the shelf, with lid open, in the
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incubator at 30.5°C (mean value). In Room 2, the only difference with Room 1, was the temperature
of 19.8°C (mean value). In Room 3, Petri dishes with the lid open were kept in an open plastic box
during the dry cycle. The temperature in Room 3 was the same as in Room 1 (30.5°C). To expose the
halite crystals of Room 3 to high levels of humidity, a cool mist air humidifier was inserted in the
plastic box, closed, for two hours. Levels of humidity and temperature were checked in all rooms
with a digital thermometer hygrometer, every day at the same time for 20 days. Specifically, Nora
Georgiev worked on the pair-wise comparison between Room 1 and Room 2 of halite precipitated
from brine mimicking the natural composition of hypersaline environments and halite precipitated
from the 25% NaCl solution, whereas | focussed on the comparison among Room 1, 2 and 3 of halite

precipitated from the brines mimicking hypersaline environments.

Room 1 Room 2
Temperature 30.5°C > Temperature 19.8°C

(mean value) Influence of (mean value)
temperature

Lnjlmuiedr;fi of Lab-made halite type of
entombment (strains):
- Al
- NRC-1
Room 3 - M13
2:22 hour - 18/19

humid:dry cycle - No microbes entombed

Figure 2. 2. General scheme of the experiment where the influence of biotic and/or abiotic factors on the precipitation of
lab-made halite was investigated. Room 1 was used as a reference to investigate the effect of lower temperature (Room
2) and the effect of higher humidity (Room 3). Five different types of entombment were tested (green box), respectively,
single entombment of Halobacterium noricense Al, Halobacterium salinarum NRC-1, Salinibacter uber M13 and
Dunaliella salina 19/18, additionally, lab-made halite with no microbes entombed were also included. This scheme was
the same for both halite made of brine mimicking the natural environment and brine composed only of 25% NaCl. The
mean temperature was calculated using the values measured every day at the same time for the entire duration of the
experiment (about 20 days). Values of humidity changed trough time, however, never exceeding 33% in Room 1 and 2,

whereas in Room 3, during the 2 hours of humidification, levels of humidity always reached values higher than 85%.
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2.2.6 Sorting crystals by dimension and microscope analysis

Once the precipitation of lab-made halite was completed, individual crystals were sampled and
analysed under the microscope in order to visualize the fluid inclusions. Subsequently, all the crystals
were quickly washed with saturated NaCl solution and then immediately sieved; this step was
necessary to obtain separated crystals to be sieved by size. Four sieves with different diameters were
placed one on the top of each other and the crystals were sorted in five different measures, respectively
1-3 mm, 3-4 mm, 4-9 mm and >9 mm. The last measure is indicated as <1 mm, and it is calculated
by the total mass of crystals before sieving them, minus the total mass of crystals after sieving them,
and it comprises smaller crystals, as well as fragile structures that were lost during the washing in
saturated NaCl solution. The sieves were shaken by hands to sort them, and the total mass obtained

from each sieve was measured.

2.3 Results

2.3.1 Recovery of cells from salt crystals

The results of the experiment aiming at understanding the survival in fluid inclusions of lab-made
halite are reported in Figure 2.3. Halobacterium salinarum 91-R6 is able to survive fluid inclusions
over 35 weeks. In the first five weeks the lag-phase was 4 days in all replicates, while after 20 weeks,
the recovery was slower, with a lag of 10 days (after > 20 weeks) and 15 days (after 35 weeks). Until
35 weeks, the recovery of Hbt. salinarum 91-R6 entombed together with D. salina 19/18 was the
same as when grown alone, but at 35 days there was the lag phase was 14 days when co-entombed
and 15 days when grown alone, however, this difference is not significant (p-value > 0.05; t-test).
Over a period of 35 weeks, Nora Georgiev (2020) found that Hbt. salinarum A1 was the best survivor,
being able to recover after four days in all replicates, except in the last recovery, where for two

replicates out of four, it took five days to show first sign of growth.
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Dunaliella salina 19/18 was a poor survivor, being able to survive only the process of entombment,
which lasted 11 days: at time O (reported in Figure 2.3), after the lag phase was 27 days. Interestingly,
when Dunaliella salina 19/18 was entombed together with Halobacterium salinarum 91-R6, after the
lag phase was 7 days, significantly faster (t-test; p-value < 0.05) than in the single entombment. To
the best of my knowledge, this is the first time the recovery in fluid inclusions of Dunaliella salina
19/18 was tested.

30 Hbt. salinarum 91-R6
2 Hbt. salinarum 91-R6 (+ D. salina)
¢ Hbt. noricense Al
25 |

0
& D. salina
+ D. salina (+ Hbt. salinarum 91-R6)

20

15 Q

incubation time of recovery [days]

. Tttt . ........... wee o o ......‘.u.@
aart . PeTeEy e
|t @@..... cent

period of entombment [weeks]

Figure 2. 3. Results from the recovery of the strains involved in this experiment. Each single crystal was dissolved in
liquid medium every two weeks and the lag phase (expressed in days on the y-axis) shows how many days passed before
any sign of growth was detected by eye. In this figure, the time point 0 on the x-axis represents the first day at which the
precipitated halite was dissolved in liquid media and does not include the eleven days passed to have complete
precipitation of halite in the Petri dishes. Crystals from the co-entombment experiment were dissolved both in 20% NaCl
Payne to allow the growth of Halobacterium salinarum 91-R6, and Dunaliella medium in the case of the microalgae, and
incubated at their respective optimum growth conditions. The experiment was carried out in four replicates and there was
no difference among the replicates (hence no error bars). Data regarding Halobacterium noricense Al are taken from the

work of the master thesis of Nora Georgiev (2020).
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2.3.2 Cell visualization inside fluid inclusions

The organisms stained using the MitoTracker Orange CMTMRos were Halobaterium salinarum 91-
R6 and Dunaliella salina 19/18, for an individual entombment and co-entombment of both. The
images confirmed that these halophilic microorganisms were entombed in fluid inclusions of the
precipitated halite, and it is clear also that intact cells of Dunaliella salina 19/18 can get entombed

together with Halobacterium salinarum 91-R6 (Figure 2.4).
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Figure 2.4 Detail of lab-made halite crystals precipitated on microscope slides (A); details of the halite seen under the
microscope (4x) (B); single entombment of Halobacterium salinarum 91-R6 shown in red inside fluid inclusions (C);
single entombment of Dunaliella salina shown inside the fluid inclusion (D — E — F) where the photosynthetic pigment
of the microalgae is auto fluorescing in red (F) and the MitoTracker in green (D); co-entombment of Dunaliella salina
and Halobacterium salinarum 91-R6 (G — H) where it is possible to see the dimension of the microalgae compared to the

haloarchaea. In (H) blue represents MitoTracker staining and red indicates chlorophyll.
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2.3.3 Influence of biotic and abiotic factors on the formation of lab-made halite

The halite crystals precipitated from the brine mimicking the composition of hypersaline
environments were sieved in order to sort crystals based on size. It is important to note that, as
mentioned in the Methodology section, in order to obtain individual crystals, those were washed in
saturated NaCl solution, in order to carefully separate agglomerated crystals without dissolving them.
When compared only the physical parameters, e.g., temperature and humidity, the results showed that
the total mass calculated after the sieving, in Room 1 (30.5°C) was the highest, while in Room 3
(30.5°C and 2:22 hour humid:dry cycle) was the lowest, respectively 65.31 g versus 53.41 g. The size
of crystals in Room 1 was similarly distributed, with crystals of 1-3 mm that were the most abundant,
42.42% of the total. The majority of crystals precipitated in Room 2 (19.8°C) had a dimension ranging
between 3 and 4 mm, and only in Room 2, there were crystals as big as 9 mm, although they were a
small part of the total. In Room 3 (19.8°C), 86.21% of the crystals were 3 mm in size, the highest
percentages registered. Georgiev (2020) observed that crystals made from 25% NaCl precipitated in
Room 2 took 14 days, versus the seven days needed in Room 1 to have complete precipitation from
the same brine composition. She also observed a different precipitation of rate between crystals made
from brine mimicking the composition of hypersaline environments and brine composed of 25%
NaCl: the evaporation rate for NaCl solution was faster than the other (data not shown here, available
in Grogiev (2020)). In this chapter, the differences of crystals precipitated only from brine mimicking
the composition of hypersaline environments in Room 1 and Room 3 are discussed. The complete
precipitation of crystals in Room 3 (humid:dry cycle) was never achieved, as the cycles of high
humidity kept the crystals moist for the entire duration of the experiment (20 days). After 20 days, all
the crystals, except those in Room 3 for the reason mentioned above, were fully precipitated. Crystals
were then sieved according to their size, and sorted in four different measures, respectively, <1, 3, 4
and 9 mm (Figure 2.5). In Room 1 and Room 3, the crystals precipitated in the presence of microbes
were overall significant bigger than the sterile brine solution, used as a control, in the respective
Rooms. There were some pairwise significant differences observed in the comparison between
Rooms, however those differences were inconsistent and do not allow a clear distinction between the

influences biotic and abiotic parameters have had on the precipitation of halite crystals.
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Figure 2.5. Comparison between the results obtained from the experiment about the factors influencing the precipitation
of lab-made halite. The comparison between halite crystals precipitated from brines versus 25% NaCl solution (A versus

B and C versus D) are discussed in the Master Thesis of Nora Georgiev (2020).

2.4 Discussion

In this chapter | explored the ability of haloarchaeal species Halobacterium salinarum 91-R6,
Halobacterium noricense Al and the green microalgae Dunaliella salina 19/18 individually
entombed in lab-made halite and found that haloarchaeal species are better survivor compared to D.
salina, which was a poor survivor, unable to recover weeks after the entombment. This is probably
due to the different strategies these halophiles have, as the “salt-in” strategy of Haloarchaea allows
them to survive in saturated brines, whereas the accumulation of compatible solutes, the strategy used
by D. salina, does not allow it to survive in brine higher than 3.5 M salt, as reported by Oren (2013).
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Halobacterium noricense Al was a better surviver than Halobacterium salinarum NRC-1: in the first
six weeks of entombment, there was no significant difference between the two species, however, after
ten weeks, Hbt. noricense Al recovered faster than Hbt. salinarum 91-R6. The available data collected
in this experiment could not explain that, however, these results are in line with the results published
by Gramain et al. (2011). The authors found that haloarchaeal species are specialists in long-term
survival (except for Haloquadratum walsbyi, which was affected by the entombment over 27 months,
showing a slower recover), and also in their experiments Hbt. noricense Al was a better survivor
compared to Hbt. salinarum NRC-1. The authors also found that Salinibacter ruber and
Haloquadratum walsbyi, when entombed together, showed enhanced survival to the entombment,
with both cell types being visible by microscopy after 26 months (Gramain et al., 2011). Similarly,
also in the experiment reported in this chapter there seems to be an advantage to Dunaliella salina
from co-entombment: Dunaliella salina recovered faster in the first time point when it was entombed
together with Halobacterium salinarum 91-R6. However, there was no significant positive effect on
Halobacterium salinarum 91-R6. This was counter to expectation, because Dunaliella species
produce glycerol as compatible solute, and at high salinity levels, cells might lyse, releasing
intracellular content, that has been proposed to be part of the organic carbon supporting the
metabolism of Halobacterium salinarum in fluid inclusions over geological time scale (Jaakkola et
al., 2016b; Lowenstein et al., 2011; Orellana et al., 2013; Oren, 1995; Schubert et al., 2010b).
Orellana et al. (2013) also suggested that there might be symbiotic relationships between some
Haloarchaea and species of D. salina, with the Haloarchaea providing nutrients to stimulate the
growth of D. salina, which in turn, might sustain the metabolism of some Haloarchaea. This supports

the results of the first experiment presented in this chapter.

In previous studies, the influence of microbes on the precipitation of halite has been investigated. In
the study published by Norton and Grant (1988), the presence of microbes speeded up the
precipitation of lab-made halite, compared to sterile solution. The explanation given by the authors
is related to the influence of microbes in creating a “seed” promoting the initial crystal formation.
Similar explanations were given by Lopez-Cortes et al. (1994), who observed that the presence of
Haloarchaea yielded bigger halite crystals compared to sterile brines. Castanier et al. (1999) found
similar results, supporting the interpretation that microbes are influencing the precipitation of halite;
according to their results, the presence of microbes induces the precipitation of halite and the
orientation of the growing crystals. In a short-course on the Pre-history and History of salt organized
by the ETN Saltgiant, Jules Vleugels reported that it is common use to add drops of beer on the
surface of evaporating brines for salt production at the “God-given salina”, a structure composed of

a 300-meter-long graduation tower and a salt house (Germany, Westphalia region), suggesting that
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the creation of bubbles on the surface induces the crystallisation of halite (personal communication).
The results of this experiment support the hypothesis that the presence of microbes influences the
halite precipitation, by increasing the rate of precipitation. A possible explanation might be that, as
previously suggested, the presence of microbes induces the formation of crystals on the surface, along
which the rest of the structure grows. Although microbes living in hypersaline environment have no
choice but to get trapped inside fluid inclusions of halite, the entombment seems to be an advantage,
as the remaining brines after the precipitation of halite are mainly composed of MgCl>—-rich water
bodies, which appear to be sterile (Javor, 1989), because of its chaotropicity (Hallsworth et al., 2007).
Therefore, the putative role/influence of microbes on the process of precipitation, might result in an
advantage for the microbes entombed in the halite. Dunaliella salina, an important primary producer
in hypersaline environments (Oren, 2014), is not as good as a survivor: in this experiment Dunaliella
salina survived the process of entombed, but did not recover from further on. To the best of my
knowledge, it is the first time the survival in fluid inclusions of halite of Dunaliella salina was tested.
It can be concluded that Dunaliella salina gets trapped in halite fluid inclusions but does not survive
beyond the initial entombment. Although it appears to not influence the survival of Halobacterium
salinarum over the short time frame of this experiment, it remains to be tester whether it can enhance

its survival over the longer term.
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2.7 Supplementary info
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Figure S2.1. Growth curve of Halobacterium salinarum NRC-1 (yellow), Halobacterium noricense Al (blue) and
Halobacterium salinarum 91-R6 (orange).

Table S2.1. Modified 20% NaCl Payne media to grow Halobacterium species.

Chemical Quantity
NaCl 200 (3.42 M)
MgS04-7H,0 20 (0.08 M)
KCl1 2g/L
TriNaCitrate 3g/L
Yeast extract 10g/L
Casamino acids 7.5g/L
FeCl,'4H,O 1 ml
MnCl,-4H,O 1 ml
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Thoma (Helber) counting cells chamber

In similar experiments Gramain et al. (2011) inoculated with cells at early exponential phase

(ODj=600nm =~ 0.200 nm) and a cell concentration of 2.3x10% cell ml!. Cell concentrations prior

entombment were determined by using a counting chamber (Thoma, Helber). Cells were counted

using as a reference the rectangle of 0.05 mm length, 0.025 mm and 0.02 mm depth.

In order to know the concentration of cells in 1ml I used the following formula:

0.05mm - 0.025mm - 0.02mm = 2.5 - 10~ >mm?

1000mm?3
2,5-10~3mm3

= 4-10’

Table S2.2. Dunaliella growth medium developed by Hard and Gilmour (1996). All the volumes of the stock

solution are calculated for 1 litre. The pH is 7.5.

Stock Solution Final concentration (mM)
Solid NaCl 15M
2 M KCI 10
2 M MgCl, 20
1 M CaCl; 10
2.4 M MgSO. 24
4 M NaNOQOs3 5
0.5 M NazSOq4 24
100 mM NaH.PO4 0.1
1.5 mM FeEDTA 0.0015
Trace elements 1 ml litre?
1 M HEPES pH 7.6 20
NaHCO; (solid) 1 g litre?

Table S2.3. Salinibacter ruber medium. All the volumes of the stock solution are calculated for 1 litre. The

final pH is 7.2.
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Chemical
NaCl
MgCl; -6H20
MgSO4-7H,0
CaClz-2H;0
KCI
NaHCO:3
NaBr

Yeast extract

g/L
195
34.6
49.5
1.25

0.25
0.625

Table S2.4. Cell concentrations of microbial suspensions prior to crystallisation. This table is also reported in

Georgiev (2020)).

Hbt. noricense Al

NacCl
7.2-108

Sea salt
8.1-108

Hbt. salinarum

NRC-1
NacCl
5.5-108

Sea salt NacCl

6.5-108 5.2:108

Sal. ruber M31

Sea salt
5.3-108

D. salina CCAP
19/18

NacCl Sea salt
1.5-105 2.2-105
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Chapter 3: Exposure of entombed halophiles to different doses of UV and

ionizing radiation

Abstract

Microbial communities living in salt-saturated environments get trapped inside fluid inclusions of
halite when it precipitates. The entombment can be an advantage to avoid the harsh bittern brine that
remains after halite precipitation, as well as shielding against intense radiation. The innate ability of
Haloarchaea to withstand intense solar radiation and their capacity to become trapped inside halite
allow them to tolerate high doses of different forms of radiations. This, coupled with their remarkable
longevity, makes them an ideal model to investigate life, or signs of it, on Mars, where salt deposits
have been found. Here, the capacity was tested of the haloarchaeal species, Halobacterium salinarum
NRC-1 and Halobacterium noricense Al, and the halophilic bacterial species, Salinibacter ruber
M13, to recover in liquid medium after doses of polychromatic UV, UV-C and ionizing radiation
when in halite crystals. The chlorophyte, Dunaliella salina 18/19, was also tested with polychromatic
UV, UV-C and ionizing radiation, but did not survive. The two archaeal and one bacterial species
survived UV irradiation when in halite crystals, but the lag phase for recovery of Salinibacter ruber
was significantly longer than haloarchaeal species, with different lag phases. They even survived an
ionizing radiation dose of 5 kGy. Halobacterium salinarum NRC-1 even survived, in starved

conditions, to high doses of polychromatic and UV-C radiation.

3.1 Introduction

Mars has caught the attention of astrobiologists, especially after the discovery of salt deposits buried
under the Martian surface and the presence of ice at the poles. Recently, a review on the

microbiological potential of lake on Mars reported a description of hundreds of ancient lake basins
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detected on Mars that could preserve evidence of biogenesis on Mars (Michalski et al., 2022). In
2004, a study reported the first direct observations of perennial water ice and carbon dioxide in the
south polar regions on Mars (Bibring et al., 2004). Head et al. (2003) showed evidence that dusty,
water-ice-rich deposits exists in both hemispheres, from mid-latitudes to the poles. According to their
studies, these deposits accumulated during a geologically recent ice age, occurred between 2.1 and
0.4 million years ago (Myr), as a result of variations in planetary orbit, which is significantly greater
on Mars compared to Earth (Touma and Wisdom, 1993; Laskar et al., 2002). The scientific objectives
of the rover Curiosity, revolve around exploring and quantitatively assessing a local region on Mars’
surface as a potential habitat for life, past or present. The rover continues to climb the surface of the
mountain (informally named “Mount Sharp”) inside Gale crater (Stern et al., 2015). As the rover
moves up the slopes, it has observed that the fine, layered clays are thinning compared to the foot of
the mountain, and sand dunes and salt deposits (mainly sulphates) are appearing in their place (Franz
et al., 2017; Thomas et al., 2019). These are the typical signs of the prolonged presence of a lake.

Towards the top these become rarer, the lake deposits intersperse sand and salt; the remnants of a

desiccating basin (Figure 3.1).

Figure 3.1. Image captured by Curiosity showing layered rocks believed to have formed in an ancient streambed. Credit:
NASA/JPL-Caltech/MSSS.
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The new rover, Perseverance is investigating the ancient river delta that fills part of the Jezero crater
on Mars. The rover has collected pictures showing layers of sediments (Mangold et al., 2021). In this
study, Mangold et al. (2021), interpreted these strata as evidence of deltas that advanced into a lake,
and suggested that the specific deposition in the uppermost fan strata was caused by high-energy
flood episodes. These are several lines of evidence that clearly show that Mars was warmer and wetter
in the past. It has been suggested that this era ended between 4 and 3.5 billion years ago (Pollack e?
al., 1987; Carr and Winke, 1992; Ramirez and Craddock, 2018). The main reason for the
desertification of Mars, giving the planet the present-day appearance, is that the electromagnetic field
started to weaken. Mars is smaller than planet Earth, about 1/3 the mass of our planet, and as they
share similar geological history, the central core of Mars started to cool down quicker. This resulted
in much less geologically activity compared to Earth (Clark and Van Hart, 1981; Gooding, 1992; Ojha
et al., 2015). Geological activity still exists on Mars, as evidenced by the detection of 174 seismic
events in ten months of geophysical observations by Insight (Banerdt et al., 2020). These events
included over 10% of seismic events of magnitude My, = 3-4 (Banerdt ef al., 2020). The geological
activity of a planet is tightly connected to the existence of an electromagnetic field, shielding a planet
from intense solar and cosmic radiation. Once weakened, the intense radiation led to the evaporation
of the majority of the water once present on Mars (Fang et al., 2010). Lisse et al. (2020) proposed an
observational strategy to detect Earth-like biosignature and pointed to planets that would have
subaerial weathering of rocks, implying that geochemical cycles could occur. Mars is a good
candidate to look for signs of past or present life: the liquid water on the surface might have sustained
microbial activity when the red planet was geologically active, resembling early Earth conditions

(Falkowski et al., 2008).

3.1.2 Martian salts and radiation

The observation of ice water, different salts, brine aquifers and methane (Formisano ef al., 2004), and
the geological history of the red planet, led to speculations of the possibility of halophilic life on the
surface in the past or currently buried in salt deposits or putative brine aquifers. If life was present in
the past, and could have evolved adopting a halophilic lifestyle, areas where salts are present on the
surface could have the potential to record signs of past (or even present) life. These salts have the

ability to absorb water vapor and make liquid water locally and sporadically available on present-day
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Mars (Zorzano et al., 2009). The main salts detected on Mars surface include sulphates, chlorides,
bromides, carbonates, and nitrates, based upon Viking measurements (Clark and Van Hart, 1981, and
references therein). In fact, NaCl has not been detected widely, but has been seen in Mars-derived
meteorites (Kounaves et al., 2014) and it is likely to have been missed due to weak spectral signatures
(Benison and LaClair, 2003). NaCl is not the only salt present on Mars, among others, there is
evidence that perchlorate is also present (Chevrier et al., 2009; Hecht et al., 2009). Perchlorate is
known to be highly oxidizing and toxic (depending on the dose), and its presence on Mars gave rise
to questions about how putative halophilic life could survive in its presence. To address this, Oren et
al. (2014) tested members of the family Halobacteria and the bacterium Halomonas elongata and
showed that these halophiles grew well in NaCl-based media containing 0.4 M of perchlorate, and
growth was limited by a concentration of 0.6 M of perchlorate, except for Haloferax mediterranei
that, although significantly affected, was able to grow. Oren ef al. (2014) demonstrated that the
perchlorate could even be used as an alternative electron acceptor for respiratory activity. The lack of
a magnetic field and the thin atmosphere of Mars, which is <1% of the Earth (REF), results in a
desert-like planet with intense radiation on the surface. On the surface of Mars the daily Galactic
Cosmic Rays (GCR) dose rate, measured by Mars Science Laboratory’s Radiation Assessment
Detector (RAD),was 0.210 mGy/day (Hassler et al., 2014). The unit used to define the absorbed dose
of ionizing radiation is gray (Gy) and is defined as the absorption of one joule of radiation energy per
kilogram of matter, according to the International System (IS). As a comparison, in humans, gamma
radiation at doses of 2 Gy results in varying degrees of acute radiation sickness, and doses of 10 Gy
are lethal (Mettler, 2012). Different forms of radiation can damage biomolecules directly (see Section
3.3), and indirectly by forming reactive oxygen species (ROS), e.g. through the radiolysis of water
producing peroxides, superoxide and hydroxyl radicals (David and Cox, 2017). A number of studies
have reported an enhanced protection offered by the salt environment to radiation-resistant halophiles,
especially Haloarchaea, which includes the protection offered by the halite as well as the Na™ and CI

ions (Fendrihan et al., 2009; Kish et al., 2009; Webb et al., 2013; Arun et al., 2017).

3.1.3 The ability of halophiles to withstand high doses of radiation

The striking ability of Haloarchaea to survive over geological timescale (see Chapter 1, section 1.5),
coupled with their ability to withstand intense UV radiation (see Chapter 1, section 1.2), opens the

discussion about where to look for signs of past or present life buried in salt deposits on other celestial
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bodies. On Earth, salt and soda lakes, salterns and other brines on the surface are naturally subjected
to cycles of desiccation and intense UV radiation, therefore, halophilic microorganisms living there

must be equipped with special adaptations enabling them to survive (see Chapter 1, section 1.5).

3.1.4 Photoprotection in halophiles

Haloarchaea have evolved a number of strategies to avoid DNA damage caused by radiation, which
can be grouped in two main mechanisms: DNA repair and photoprotection. Photoprotection is a first
line defense and includes pigmentation by carotenoids and mechanisms of oxidative damage
avoidance as immediate defense. Haloarchaea possess a protein called bacteriorhodopsin, that acts as
a light-activated proton pump that generates ATP for the cell (Bickel-Sandkétter, ef al., 1996). When
light hits the cell, photons get absorbed by the bacteriorhodopsin, which then undergoes
conformational changes (David and Cox, 2017). While bacteriorhodopsin allows some Haloarchaea
to make use of light energy, pigmentation by carotenoids offers photoprotection. The two major
carotenoids present in Haloarchaea are bacterioruberin and B-carotene, both of them able to offer
photoprotection as well as fluidity to the membrane subjected to different osmotic conditions
(D’Souza et al., 1997; Jones and Baxter, 2017). Menaquinones (MK), have been proposed as an
additional photoprotective strategy (Kellermann et al., 2016). The aromatic ring of menaquinone
reacts with and destroys the most reactive forms of oxygen radicals (reactive oxygen species, ROS)
and other free radicals, protecting unsaturated fatty acids from oxidation and preventing oxidative
damage to membrane lipids (David and Cox, 2017). Carotenoids in general are able to expand the
spectrum of absorbed light in photosynthetic organism, and thanks to their alternating single and
double carbon-carbon bonds, they offer protection from ROS, formed by intense light exceeding the
system’s capacity to accept electrons (David and Cox, 2017). Menaquinones and carotenoids are
highly abundant in Haloarchaea, and are related to the ability of these organisms to withstand
oxidative stress damage, generated by high radiation experienced in hypersaline environments (Stan-
Lotter and Fendrihan, 2015; Kellermann et al., 2016; Jones and Baxter, 2017). Another characteristic
of Haloarchaea that provide photoprotection of proteins and DNA is the high intracellular
concentration of ions, that act as scavengers for reactive oxygen species (ROS), generated from the
aerobic metabolism in normal cases, but which can also result from irradiation. This was suggested
by Kish and colleagues (2009), who found that intracellular halides (chloride and bromide) in

Halobacterium salinarum NRC-1 scavenge ROS through electron transfer, producing the less
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reactive chloride and bromide radicals, and this helps to protect bases in the DNA, as well as the
structure of proteins.

A high Mn/Fe ratio has also been proposed as a signature of radioresistant microbes In fact, it is
present in one of the most radio-resistant bacteria Deinococcus radiodurans (Daly et al., 2004), and
a high Mn/Fe ratio has been also found in Halobacterium salinarum (Kish et al., 2009). Proteins
containing iron-sulfur groups are susceptible to irradiation, as this can cause the release of ferrous
iron (Fe*") that then gets oxidized by hydrogen peroxide, producing ferric ion (Fe*") and the hydroxyl
radical (HO) and hydroxide ion (OH") as byproducts (Kish et al., 2009). The ferric ion can be reduced
back to the ferrous iron with the hydrogen peroxide, creating a loop (David and Cox, 2017).
Manganese can offer protection to protein by creating Mn-peptide complexes and may also substitute
Fe in the Fe-S cluster of enzymes, affecting positively the effect of the oxidative stress (Daly et al.,
2007; Kish et al., 2009; Robinson et al., 2011; Webb et al., 2013). The location of Mn and Fe in
Halobacterium salinarum have not been elucidated and it is not known what is the cycle of Mn in
hypersaline environments. Kish et al. (2009) suggested that it is a combination of metabolic
regulatory adjustment and the accumulation of Mn-antioxidant complexes to explain the increased

tolerance to radiation in Halobacterium salinarum.

3.1.5 Genomic signatures of halophiles offering resistance to radiation

Other adaptations to radiation damage are intrinsic in the DNA and are referred to as genomic
signatures, making the DNA less susceptible to photodamage. One of the main forms of UV-induced
DNA damage is the condensation of two ethylene groups to form a cyclobutane ring, referred to as
cyclobutane pyrimidine dimers (CPDs). This happens most frequently between adjacent thymidine
residues on the same DNA strand. Bipyrimidine photoreactivity is in descending order of: (5' to 3')
TC > TT > CT > CC. Jones and Baxter (2016) proposed that a reduction in number of the most
photoreactive sequences should reduce overall genomic photoreactivity, and found that there is a
strong negative correlation between the genomic photoreactivity (Pg) and G+C content. lonizing
radiation (x-rays and y-rays) can cause ring opening and fragmentation of bases as well as breaks in
the covalent backbone of nucleic acids. DNA repair instead, consists in photoreactivation, nucleotide
excision repair, base excision repair and homologous recombination (reviewed in Jones and Baxter

2017). Polyploidy, where the cell has multiple copies of a presumably identical chromosome, is a
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typical feature of Haloarchaea and provides a copy so that any damaged chromosome can be faithfully
repaired through homologous recombination (Soppa et al., 2014). Additional copies of chromosomes
can also serve as a storage for phosphate, especially in extreme conditions (Soppa, 2014; Zerulla and
Soppa, 2014). Enzymes provide another line of defense by deactivating of ROS, like the superoxide

dismutase and the catalase.

3.1.6 Terrestrial life exposed under simulated Martian conditions

There have been many studies reporting the ability of Haloarchaea to withstand intense radiation as
recently summarised by Wu et al. (2022). Table 3.1 highlights a subset of these studies, largely
focussing on Halobacterium salinarum. Baliga et al. (2004) analysed the stress response to UV
radiation in Halobacterium salinarum NRC-1 and found that there were 2400 mMRNA changes during
the recovery. They also found a UV-induced down-regulation of many metabolic functions during
the recovery, which has been observed in all three domains of life. According to their results, the
recovery after a dose of 200 J/m? was 16-fold higher in light conditions, indicating that
photoreactivation is a preferred pathway for UV lesion repair (Baliga et al., 2004). McCready et al.
(2005) found that homologous recombination plays an important role in the repair of UV-induced
damages in Halobacterium salinarum NRC-1, and that proteins involved in DNA metabolism were
significantly induced after the irradiation. Fendrihan et al. (2009) calculated the potential survival of
Halococcus dombrowskii in halite is at least 3000 kJ/m? and that the protection afforded by the halite
resulted in survival two orders of magnitude higher compared to when in liquid. The same study
reported similar values for Halobacterium salinarum NRC-1 and Haloarcula japonica, used as a
comparison with other Haloarchaea. Karan et al. (2014) used RAD mutants of the strain NRC-1 to
investigate the genetic basis of the RAD phenotype, displaying higher transcription levels of the rfa3
operon, coding for three genes involved in the increased radiation resistance of the RAD phenotype,
and found that these mutants are more resistant by order of magnitude than the strain NRC-1; both
species survived an irradiation dose of 3 kGy. Leuko et al. (2015) tested three Haloarchaea and found
that Halococcus hamelinensis accumulates compatible solutes such as trehalose that improved
survivability following exposure, while cells of Halococcus morrhuae form cell clusters improving
resistance to radiation. Overall, their results indicate that the survival of these two species, and
Halobacterium salinarum NRC-1, is significantly increased when in halite compared to liquid
medium. Leuko and Rettberg (2017), based on the measurements provided by Hassler et al. (2014),
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calculated that on Mars it would take 65,231 years to accumulate 5 kGy of ionizing radiation dose, a
dose that Halobacterium salinarum NRC-1, Halococcus hamelinensis and Halococcus morrhuae

were able to survive.

Halite is an interesting mineral in terms of colour modifications. It can be naturally transparent, but
can turn blue or brown when exposed to ionizing radiation, as a result of stress and a modification in
the crystal lattice (Arun et al., 2017). This characteristic of halite makes it a good model to be used
for the radiation monitoring. The protection offered by halite, together with the natural ability of
Haloarchaea to survive the process of entombment and withstand intense irradiation (Table 3.1), open
to the possibility of looking for traces of past or present life entrapped in halite on other celestial
bodies in the Solar System. To the best of my knowledge, Salinibacter ruber and Dunaliella salina,
which are halophiles from the bacterial and eukaryote domains of life respectively, and are common

in hypersaline environments, have not been tested before for survival under intense radiation.

Table 3.1. Selected studies where the ability of Haloarchaea to withstand radiation was tested. Time of
irradiation varies according to the instrument used. Time of irradiation in this table is assumed to be continuous
until the aimed radiation dose was reached, as reported in most of the cited papers. The mutants (IR*) and

(RAD) are strains of Halobacterium salinarum with enhanced radiation resistance.
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3.1.7 Aims and objectives

The aim of this chapter is to understand the extent to which halophiles tolerate different forms of
radiation, and thus give insights into their potential to survive in different locations on Earth and on
Mars, whether they were/are part of a habitable Mars or may be inadvertently transported there.
Specifically, the aim is to test resistance to a range of doses of UV-C, polychromatic UV and ionizing
radiation on halophilic species. The specific objectives of this study are:

1) Compare the survival of the halophilic species (haloarchaeal species Halobacterium salinarum
NRC-1, Halobacterium noricense Al, the halophilic bacterium Salinibacter ruber M13 and the
halotolerant green microalgae Dunaliella salina 18/19) when dissolved in liquid brines to their
survival when entombed in laboratory-made halite, after the exposure to increasing doses of
polychromatic UV, UV-C, and ionizing radiation,

2) Compare the tolerance to UV and ionizing radiation of the individual species in halite compared
to mixture of species,

3) Test the response of starved cells versus freshly grown cells of Halobacterium salinarum NRC-1

to increasing doses of polychromatic UV, UV-C and ionizing radiation.

3.2 Methodology

3.2.1 Growth of halophiles

The strains tested in this experiment were Halobacterium noricense Al, Halobacterium salinarum
NRC-1 and Salinibacter ruber M13 (see Chapter 2 for details of their source). Halobacterium spp.
were grown in 50 ml Falcon tubes in 15 ml of Payne 20% NaCl, on a shaker (100 rpm) at 30°C in
dark, and S. ruber and D. salina which were grown in their own media (see Chapter 2, Methodology,

for details of media), until the late exponential phase was reached (ODgoo of 0.6 — 0.7).

3.2.2 Exposure to increasing doses of polychromatic UV radiation of cells immersed

in liquid
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The halophiles tested were Halobacterium salinarum NRC-1, Halobacterium noricense Al, and
Salinibacter ruber M13 individually, and NRC-1 together with M13 (Figure 3.2 A). When the late-
exponential phase was reached, 1 ml of liquid culture, from the three replicates, was collected and
diluted in 9 ml phosphate-buftered saline (PBS) 20% NaCl. The resulting volume was equally divided
into quartz cuvettes (0.5 cm Hellma GmbH & Co. KG, Muelheim, Germany) at 1.5 ml capacity. Each
quartz cuvette had a small magnet that, once placed on a magnetic stirrer, guaranteed homogeneous
distribution and thus irradiation of the cell suspension. The magnetic stirrer was placed at a distance
of 86.6 cm from the source and exposed to polychromatic UV light (200 — 400 nm) (Figure 3.3).
Every 1.08 min, 200 ul from each replicate was collected with a sterile syringe four times,
representing different doses of radiation, respectively, 3, 6, 9 and 12 kJ/m?. Subsequently, 30 ul was
diluted in 270 pl of PBS 20% NaCl, and the serial dilution was continued down to 107, in triplicates.
In order to count colony forming units (CFUs), 25 pul was plated onto solid media specific to each
halophile, and after incubation at 30°C colonies were counted in order to define the survival in
accordance with the radiation dose, as previously published (Beblo-Vranesevic et al., 2017). Samples
with co-culture of NRC-1 and M13 were plated both on Salinibacter medium and 20% NaCl Payne
medium, in triplicates, for both species. No-radiation controls (biological replicates) were prepared

following the same procedure, but instead of being exposed to radiation, they were kept at room

temperature.
Experiment Medium Polychromam; L ed Downstream analysis
(kJ/m?)

A YOOV VY )
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Figure 3.2. Schematic view of the steps of the experiment where halophiles were exposed to increasing doses of

polychromatic UV radiation, in liquid (A) or laboratory-made halite (B).

53



Figure 3.3. (A) Quartz cuvettes used for the exposure to polychromatic UV light, containing cells resuspended in PBS
20% NaCl and a small magnet. (B) Magnetic stirrer placed in front of the source of radiation (indicated by the red arrow).
The base was adjustable in order to have the defined dose of radiation. Once the quartz cuvette was placed on the magnetic
stirrer, the protection panel on the top was closed and the protection panel on the right was removed to allow the

irradiation.

3.2.3 Exposure to increasing doses of polychromatic UV radiation of halophiles in lab-

made halite

The strains tested were the haloarchaea Halobacterium noricense Al, Halobacterium salinarum
NRC-1 and the bacterium Salinibacter ruber M13 (Figure 3.2 B). After the late exponential phase
was reached, 2 ml of liquid culture was collected and centrifuged 15 minutes at 8500 g and washed

twice in 1.5 ml of salt solution (Table 3.2).

Table 3.2. Salt solution formulation to mimic the concentrated brines where halophiles are found (Dyall-Smith, 2009).

Salt Concentration (g/L)
NaCl 240

MgS0O,-7H,0 35

MgCl,-6H.0 30

KCI 7
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Cell pellets were collected, and 1.5 ml of salt solution was added. In order to know how many cells
were alive prior to entombment, a serial dilution was done to 107, and 25 ul was plated onto solid
media specific to each halophile, and colonies were counted. In the case of the co-entombment of
strains NRC-1 and M13, 1 ml from each culture was collected and the pellet washed twice in 0.5 ml
of salt solution. After the second wash, cells were pelleted, resuspended and mixed together in salt
solution to a final volume of 2 ml. Negative controls were prepared following the same procedure
and instead of being exposed to radiation, these were kept on an unused bench, at room temperature.
For the initial serial dilution, in the case of co-entombment of Halobacterium salinarum NRC-1 and
Salinibacter ruber M13, the same volume was plated both on plates with 20% NaCl Payne medium
for growth of the archaeon, and Salinibacter solid media for the growth of the bacterium.
Subsequently, 250 ul was poured on a quartz disc of 11 mm diameter (Aachener Quarzglas
Technologie, Aachen, Germany) and left to dry so that they became entombed in halite (Figure 3.4).
For each strain, 15 quartz discs were prepared in order to have triplicates to test under 4 different
radiation doses, respectively 2.5, 5, 10, 15 kJ/m?. Two months after the exposure to polychromatic
UV light (200 — 400 nm), crystals were dissolved in salt solution (Table 3.2), and a ten-fold serial
dilution for each sample up to 10 was performed. Subsequently, 25 ul was plated, and colonies

counted.

Figure 3.4. lllustration of the experiment B using quartz discs. (A) 250 ul of cell suspension was poured onto quartz glass
discs. (B). discs were left to dry until the halite crystals formed (C) The halite crystals precipitated on quartz glass discs

were positioned in the Trex-box (Beblo-Vranesevic et al., 2017) and then exposed to the polychromatic UV radiation.
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3.2.4 Lab-made halite exposure to different types of radiation

In a first attempt to test the limit of radiation damage halophilic microorganisms can handle when
entombed in halite, salt crystals previously prepared (as described in Chapter 2), were exposed to
three different types of radiations, respectively polychromatic UV (200 — 400 nm), UV-C (254 nm)
and ionizing radiation. The conditions used for the polychromatic UV light were as described in
section 3.2.2. UV-C exposure was performed with a low-pressure mercury lamp (Model NN 8/15
Heraeus, Berlin, Germany) with a major emission line at 254 nm (fluence rate 1.80 W/m?). The
fluence was controlled by a regularly calibrated UVX radiometer with an UV sensor (UV-25) for 254
nm (both UVP Ultra-Violet Products, Cambridge, UK). The output of the lamp was determined by
UVX radiometer measurements before and after each exposure experiment. Exposure to ionizing
radiation was performed with using an X-ray source Miiller Typ MG 150 (MCN 165, Philipps,
Hamburg, Germany) and exposed to X-ray (150 kV, 16 mA) at a dose rate of 200 Gy/min using the
X-ray source. In this first attempt, halophiles tested were Hbt. salinarum NRC-1, Hbt. noricense Al,
S. ruber M 13, and co-entombments of respectively, Hbt. salinarum NRC-1 with S. ruber M13, Hbt.
salinarum. NRC-1 and D. salina 18/19, and lastly, Hbt. salinarum NRC-1 with both S. ruber M13
and D. salina 18/19. The chosen doses were 5 kGy for the ionizing radiation, 20 kJ/m? for the
polychromatic UV radiation and 5 kJ/m? for the UV-C radiation (Figure 3.5 C).

Following the results of the first experiment, the experiment was repeated, increasing the doses of
radiation, and focusing on the response of Hbt. salinarum NRC-1 and S. ruber M13 (Figure 3.5 D).
Cells of Hbt. salinarum NRC-1 were tested both as freshly grown and as >100 days starved cells (see
next section for more details). The radiation sources and the respective doses were respectively

polychromatic UV radiation (40 kJ/m?), UV-C radiation (10 kJ/m?) and ionizing radiation (10 kGy).

56



Experiment Medium Soue Slfadistion Downstream analysis
and dose
Polychromatic UV (200 — § § § §
Al
400 nm), 20 kJ/m? S ¥ ¥ ¥ 3
NRC-1
NRC-1:18/19 ' ‘ . — “
M13 UV-C (254 nm), 5 kJ/m? E 25| 20| 24| 250
NRC-1 : M13
M13: 18/19 .
Ionising (X-ray), 5 kGy
NRC-1 : M13:
18/19
Experiment Medium Souree ofidiation Downstream analysis
and dose
Polychromatic UV (200 —
NRC-1 400 nm), 40 kJ/m? S Y Y
: v
NRC-1 ‘ s I
(starved) _ UV-C (254 nm), 10kl/m> | = __, “
M13 E 25|,.|’ 25|..\l :5;.\" :su.
Ionising (X-ray), 10 kGy

Figure 3.5. Schematic view of the steps of the experiment where halophiles were exposed to different types of radiation.
In the second part of the experiment (D), radiation doses were increased, and species tested were Hbt. salinarum NRC-1
and S. ruber M13, additionally, samples of NRC-1 in starving conditions for >100 days were also included to compare

the recovery rate after the exposure with freshly grown cells.

3.2.5 Comparison between freshly grown cells of Hbt. salinarum NRC-1 and starved

cells

In order to investigate different responses in survival between freshly grown cells and starved cells,
cells of Halobacterium salinarum NRC-1, kept resuspended in salt solution in sealed glass tubes
(simulated fluid inclusions) with no nutrients for >100 days, were entombed in lab-made halite and
exposed to high doses of radiation. In order to have quantitative data about the survival of

Halobacterium salinarum NRC-1, and the comparison between freshly grown cells and starved cells,
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lab-made halite (with entombed halophiles) was exposed to increasing doses of polychromatic UV
light, respectively, 10, 20, 30, 40, 50 kJ/m? (Figure 3.6). Negative controls were prepared following

the same procedure and were kept at room temperature.

. : Polychromatic UV rad. .
Experiment Medium (k) Downstream analysis
E TV TV Y
v
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(Starved) 10, 20, 30, 40, 50 E 25;;1' JSL‘I;\ QSPI‘ 25;;!.

Figure 3.6. Schematic view of the steps of the experiment where NRC-1 in different conditions was exposed to increasing

doses of polychromatic UV radiation.

3.2.6 Downstream analysis for lab-made halite samples

The samples were kept in the dark at room temperature, and two months after the exposure, 0.35 g of
salt crystals were aseptically placed into 15 ml of liquid culture, specific for each strain, into 50 ml
falcon tubes, then placed on a shaker (100 rpm) and left at room temperature until complete
dissolution. For the experiments A and B, a serial dilution was carried out from 107! to 10, and 5 pl
were plated on solid media, specific for each strain. Both the liquid media and the solid media were
incubated in the dark at 30°C for a maximum of four months for CFUs counting. In order to study
the survival of the tested strains to high radiation doses, the days between the dissolution of the
crystals in liquid medium and the first sign of growth have been used to assess the time the species

required to recover.

3.3 Results

58



3.3.1 Exposure of cells immersed in liquid and entombed in halite on quartz discs

The samples used in the experiment A and B (Figure 3.4) revealed contamination in the downstream
analysis, which was subsequently identified as a strain with 100% 16S rRNA identity to the type of
strain of Natrinema pallidum, a haloarchaea from the order Halobacteriales. This contamination was
likely present already in the starter cultures, as it was detected also in the samples that served to count
initial CFUs, immediately before the exposure. However, due to the time required for growth, the
contamination was not detected before two weeks. Due to the contamination, it was not possible to
assess quantitatively CFUs, however, due to a distinct colony morphology, it was possible to
qualitatively distinguish between the two haloarchaea (Figure 3.7). D. salina showed no growth in

the experiments conducted in this chapter.

Figure 3.7. (Left) Colonies of Salinibacter ruber M13 (black arrow) and Natrinema pallidum (blue arrow) growing on
Salinibacter solid medium. (Right) Colonies of Halobacterium salinarum NRC-1 (white arrow) and Natrinema pallidum

(blue arrow) growing on Payne 20% NaCl solid media.

The clear morphological difference allowed the identification of cells on agar plates, and although it
was not possible to quantify the survival, the strains tested, namely Hbt. salinarum NRC-1, Hbt.
noricense Al and S. ruber M13 all survived the maximum doses tested: 12 kJ/m? when in liquid
media, and 15 kJ/m? when in halite. Natrinema pallidum was also found growing, after the exposure

to radiation, hence, this Haloarchaea is also able to survive high doses of radiation.

3.3.2 Lab-made halite exposure to different types of radiation
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Due mainly to shipment timings, samples in the experiment C (Figure 3.5) were kept in dark
conditions at room temperature for two months before the downstream analysis. Additionally, also in
the case of the experiment C, a contamination by Natrinema pallidum was found; for this reason,
CFUs are not included. The results discussed here, i.e., the time required for growth in liquid culture
(expressed in days) refer to the respective discussed strain as colonies from the correspondent agar
plate were visible (Figure S3.1 and S3.2) and the identity confirmed by 16S rRNA gene sequence.

The recovery time (days needed to show first signs of growth) was different among species.
Halobacterium spp. (both NRC-1 and A1) when entombed in halite, were not affected by UV
radiation, and showed first signs of growth contemporaneously to the negative controls (6 days).
These two species were also able to tolerate 5 kGy, showing first signs of growth after eight days
(Figure 3.8). Salinibacter ruber, although clearly affected as only one replicate showed growth, was

able to tolerate high doses of both UV radiation and ionizing radiation (Figure 3.9).

wv
> 14 *
o
— * % *
= 12
g |
o 10
—
oo
- [
S
o L
o | [
~ - L - = L . -
>
o
Pl 4
Q
g 2
=

0

Hbt. noricense Hbt. salinarum Hbt. NRC-1 +D Hbt. NRC-1 +5 Hbt. NRC-1 +S
Al NRC-1 salina ruber ruber + D. salina
control UV polychromatic UV W ionizing

Figure 3.8. Overview of the survival of Halobacterium species after exposure to high doses (Polychromatic UV: 20 kJ/m?,
UV-C: 5 kd/m?, ionizing: 5 kGy) of different radiation sources, polychromatic UV (in grey), UV-C (in yellow) and
ionizing (in blue), compared with the no-radiation control (in orange). The mean value of three replicates with standard
error is shown. Dotted line indicates that only one out of three replicates grew for the specific treatment. * Indicates a
significant difference between the value for the test versus the non-radiated control for the specific treatment (T-test; p <
0.05).
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Figure 3.9. Overview of the survival of Salinibacter ruber M13 after exposure to high doses (Polychromatic UV: 20
k/m?, UV-C: 5 ki/m?, ionizing: 5 kKGy) of different radiation sources, polychromatic UV (in grey), UV-C (in yellow) and
ionizing (in blue), compared with the no-radiation control (in orange). The mean value of three replicates with standard
error is shown. Dotted line indicates that only one out of three replicates grew for the specific treatment. * Indicates a
significant difference between the value for the test versus the non-radiated control for the specific treatment (T-test; p <
0.05).

3.3.3 Comparison between starved cells and freshly grown cells of Hbt. salinarum

NRC-1

Samples in the experiment D and E (Figure 3.5 and 3.6) were kept in dark conditions at room
temperature for ten days before the downstream analysis. The results in Figure 3.10 show that
Halobacterium salinarum NRC-1 was not able to recover after the exposure to 10 kGy of ionizing
radiation in halite (not included in the graph), but it was able to recover after the exposure to intense
radiation, respectively polychromatic UV (40 kJ/m?), UV-C radiation (10 kJ/m?) with different
responses (Figure 3.10). In particular, the starved cells grew faster than freshly grown cells (p-value
0.016; T-test) in samples not exposed to radiation (no-radiation control). On the contrary, freshly
grown cells showed growth faster than starved cells, when exposed to polychromatic UV (p-value

0.013; T-test) and to UV-C (p-value 0.047; T-test) (Figure 3.10).
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Figure 3.10. Overview of the survival of Halobacterium salinarum NRC-1 after exposure to high doses of different
radiation sources, polychromatic UV (40 kJ/m?), UV-C (10 kJ/m?) and ionizing (10 kGy), compared with the no-radiation
control. The mean value of three replicates with standard error is shown. The comparisons between freshly grown versus
staverd cells, in each treatment, have all statistical significance (T-test; p < 0.05).

In the case of the increasing doses of polychromatic UV radiation (Figure 3.11), Halobacterium
salinarum NRC-1 was able to recover even after 50 kJ/m?. In this case, the starved cells had the
tendency to recover faster than the freshly grown cells, although this difference is not statistically
significant. It is interesting to note that starvation, compared to freshly grown cells, resulted in better
survival at 50 kJ/m?, although not statistically significant (Figure 3.11). The results shown in Figure
3.11 show that starvation had no effect on tolerance over 10 and 20 kJ/m?, while at 30 and 40 kJ/m?
starvation had a positive effect. In the no-radiation controls, starved cells showed signs of growth
significantly faster than the freshly grown ones (Figure 3.11).
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Figure 3.11. Overview of the survival of Halobacterium salinarum NRC-1 after exposure to increasing doses of
polychromatic UV radiation. The mean value of three replicates with standard error is shown. Dotted line indicates that
only one out of three replicates grew. * Indicates a significant difference between the value for the test versus the control
(T-test; p < 0.05).

3.4 Discussion

3.4.1 Exposure of cells immersed in liquid and entombed in halite on quartz discs

In the experiment A and B, the results show that Hbt. spp., S. ruber M13 and N. pallidum are able to
survive both entombed in halite crystals and in liquid medium (summarized in Figure 3.12). It was
known from the literature that Halobacterium spp. were able to survive high roses of radiation (see
Table 1), and, to the best of my knowledge, it is the first time that the survival of Natrinema pallidum
and Salinibacter ruber M13 after the exposure to polychromatic UV radiation is reported. Due to the
contamination and technical limitations, it was not possible to assess quantitatively the survival of
the strains to the increasing doses of radiation, both in halite and in liquid. However, cells of all the
tested strains were detected on the solid media by sequence identity (following the methods described
in Section 4.3.6).
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Figure 3.12. Overview of the results of the experiment A and B.

3.4.2 Lab-made halite exposure to different types of radiation

In the experiment C, the results show that in the case of different types of radiation (polychromatic
UV 20 kJ/m?, UV-C 5 kJ/m? and ionizing radiation 5 kGy), the same species also survived, with
different recovery time. Dunaliella salina did not survive. NRC-1 together with co-entombed species
did worse than in the single entombment. One reason for that might be the cell abundance is half as
abundant as in the single entombment. One of the hypotheses in this chapter was that the co-
entombment could have a positive effect, by shielding cells during the exposure to radiation. Based
on the results in the experiment C (summarized in Figure 3.13), the contrary is suggested: co-
entombment has a negative effect, by significantly affect the recovery of all the tested strains. This
might be related not to the co-entombment per se, but to the fact that in the co-entombment the cell
concentration is half the abundance of the single entombment (one third in the multiple co-
entombment). lonizing radiation has negatively influenced the recovery of Hbt. species, however, in
the comparison between the multiple co-entombment and single entombment of Hbt. salinarum
NRC-1, the multiple co-entombment is a disadvantage, as there will be less chance of more resistant

phenotypes.
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Figure 3.13. Overview of the key results in the experiment C.

3.4.3 Comparison between freshly grown and starved cells of Hbt. salinarum NRC-1

In the experiment D and E, the results show that radiation had no significant effect on exposed cells
(compared to the non-irradiated control), but high doses of UV-C (10 kJ/m?) and polychromatic UV
(40-50 kJ/m?) did increase the time to start growing for starved cells significantly (p-value < 0.05; T-
test). It has been reported in the literature that in the domain of Bacteria, starvation cross-protects
against radiation (Mendonca et al., 2004; Hong et al., 2014), which seems the trend of Hbt. salinarum
NRC-1 in starvation showed in the experiment E, however, this difference was not statistically
significant. A different result came from the exposure of freshly grown and starved cells exposed to
intense polychromatic UV, UV-C and ionizing, where freshly grown cells recovered significantly
faster than starved cells. One explanation for this different response might be that increasing doses of
polychromatic UV stimulates mechanisms involved in the protection from radiation. It should be
considered that, as showed in Chapter 5, starved cells of Halobacterium salinarum NRC-1 initially
decrease in cell abundance, hence, starvation, and then entombment, have concomitant effects on the
survival of the cells. These cells, subsequently subjected to intense radiation (experiment D), are more
affected than freshly grown cells. In the experiment E, instead, starved cells recovered faster than
freshly grown. There might be protection mechanisms involved in the starvation that could help also
in the protection from radiation at intermediate doses. Towards higher doses (40-50 kJ/m?) the cells

(both starved and freshly grown) started to be affected.
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3.5 Conclusions

The specific objectives of this study are: 1) Comparing the survival of the halophilic species when
dissolved in liquid brines, to the survival when entombed in laboratory-made halite, after the exposure
to increasing doses of UV radiation, 2) Comparing the survival of the individual species to high doses
of UV and ionizing radiation to the survival when they are together, putatively offering mutual
shielding effect (as in the case of Hcc. morrhuae where clusters of cells offer additive protection
(Leuko et al., 2015)), 3) Test the ability of these species to recover without relying on the presence
of nutrients present in the media, assuming that, as showed in Chapter 4, the species focusses on

survival rather than growth and reproduction during the first month in fluid inclusions.

Due to a contamination by Natrinema pallidum in the experiments A and B, it was not possible to
assess quantitatively via CFUs the survival of the tested strains, hence it was not possible to fully
address the first aim. Nevertheless, downstream analysis revealed that the strains Hbt. salinarum
NRC-1, Hbt. noricense Al and S. ruber were able to survive increasing doses of polychromatic UV
light (up to 12 kJ/m? in liquid and up to 15 kJ/m? in halite). The contaminant was also found in the
experiment C, therefore CFUs could not been counted, however, the results in Figure 3.8 and 3.9,
showed that in the case of different types of radiation (polychromatic UV 20 kJ/m?, UV-C 5 ki/m?
and ionizing radiation 5 kGy), the tested strains also survived, with different recovery time. D. salina
18/19 did not survive any radiation treatment: this was expected, as previous experiments (Chapter
2) showed that the survival of this green microalgae is limited to two weeks in fluid inclusions.
Nevertheless, samples with co-entombment of D. salina were also tested to explore a putative role as
shield protection against radiation. Indeed, the second objective of this study was to explore the
putative protection offered by co-entombment of different species to radiation, and the results in the
experiment C showed the opposite: co-entombment has a negative effect on the survival of Hbt.
salinarum NRC-1 and S. ruber M13. As discussed in the previous section, this result might be because
in the co-entombment the cells are half as abundant as in the single entombment (one third in the
multiple co-entombment); according to this hypothesis, half the cell abundance, subjected to radiation
(poly-UV, UV-C and ionizing), significantly affects recovery, affecting the probability of success.
This, on one hand can explain why Hbt. salinarum NRC-1 was significantly affected in co-
entombment compared to single entombment, on the other can lead to the conclusion that the survival
of the single cell is positively affected by the number of cells of the same species, as higher the

number of cells, higher the possibility to have more resistant phenotypes.
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Interestingly, in the literature it has been reported that the bacterium Listeria monocytogenes showed
the highest resistance to ionizing radiation after 8 days (on a total of 12 days) of starvation, and the
study concluded that starvation in this species cross-protects against radiation (Mendonca et al.,
2004). In line with this conclusion, another study reported that the survival of the bacterium E. coli

0157:H7 from ionizing radiation, is cross protected by starvation (Hong et al., 2014).

Baliga et al. (2004) found that there were 2400 mRNA changes during the recovery after the exposure
to UV radiation in Hbt. salinarum NRC-1. In the same study, the authors also found the down
regulation of many metabolic functions during the recovery. In Chapter 4, it was clear that many
metabolic pathways are either down or up regulated when NRC-1 is entombed in lab-made halite. It
might be that among the differentially expressed proteins during entombment, some of them might
also be involved in the protection to radiation, therefore offering recover faster than freshly grown
cells at doses up to 30 kJ/m? of polychromatic UV light. At higher doses of polychromatic UV, both
freshly grown cells and starved cells started to be affected. High doses of polychromatic UV (40-50
kJ/m?) and UV-C (10 kJ/m?) did not affect freshly grown cells, showing a recovery rate similar to the
no-radiation control. In the comparison between freshly grown cells and starved cells exposed to high
doses of polychromatic UV and UV-C, freshly grown cells recovered significantly faster than starved
cells. These results are worth further investigations, as the present data are not sufficient to clearly
understand what lies at the base of the different response of the starved cells and freshly grown.

There have been multiple technical issues with the experiments in this Chapter. The first part of the
experiment was performed in November 2019 at the German Aerospace Centre (Germany) during a
secondment. The contamination by N. pallidum was found at the end of the secondment, therefore it
was decided to repeat the experiment in 2020. However, due to the COVID-19 pandemic, the
experiment was post-poned, and samples were shipped in June 2021. The irradiation in the
experiment D and E was entirely performed by Kristina Beblo-Vranesevic and colleagues at the
German Aerospace Centre. Part of this new experiment aimed to explore the molecular mechanism
involved in the survival response of the strain (by qPCR) however, due to shipment delays at the
border control, the samples arrived at the University of Essex at room temperature and could have

not been used.
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3.7 Supplementary info
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Figure S3.1. One picture from one replicate for each sample of the experiment C where the growth of both the single

species tested and the contaminant were observed. The strain of each species is reported on the top, while on the side the

type of radiation at which they were subjected.
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Figure S3.2. One picture from one replicate for each sample of the experiment C where the growth of both the single
species tested in co-entombment and the contaminant were observed. The strain of each species is reported on the top,

while on the side the type of radiation at which they were subjected.
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Chapter 4: Differential protein expression in Halobacterium salinarum NRC-1

during entombment in lab-made halite

Abstract

Halobacterium salinarum NRC-1 is a specialist in long-term survival, with optimum growth at
saturated concentration of NaCl. To gain insight into its longevity and its ability to survive entombed
in salt crystals (halite) over geological time, | investigated the proteome changes at 42 days of
entombment compared with growth prior to entombment and the point at which halite formed.
Proteins involved in transcription and translation were significantly less abundant after 42 days in
fluid inclusions, suggesting that its energy is primarily devoted to maintenance, rather than growth
and reproduction. In contrast to all other ribosomal proteins detected, ribosomal protein L13 had an
elevated abundance at day 42, suggesting that it may have a role in haloarchaea connected with long-
term survival. We also found a higher abundance of several proteins, including enzymes involved in
the arginine fermentation, highlighting the existence of on-going anaerobic metabolic activities to

respond to the changing environmental conditions in the fluid inclusions.

4.1 Introduction

Hypersaline environments are dynamic ecosystem with fluctuations between dissolution and
precipitation of salt crystals, including halite. Microbial communities living in these environments
may become entombed in halite when it precipitates (Norton and Grant 1988). Inside the fluid
inclusions of halite, halophilic microbes such as Dunaliella salina are able to survive the entombment,
however, for a limited time (two weeks survival) (see Chapter 2). Species of Halobacterium instead,
have shown the ability to survive over months (see Chapter 1 and 2), and it has been reported in the
literature that Haloarchaea are able to survive inside fluid inclusions of halite over geological time,
specifically Hbt. salinarum (Mormile et al. 2003) (see Chapter 1). The question on how they survive

is still open and the experiment reported here is an attempt to study what the intrinsic abilities of
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Haloarchaea are to survive over geological time scale in a nutrient-limited, oxygen-limited, closed

micro ecosystem (Figure 4.1).

Fluid inclusion:

Alternative metabolic .
- Limited oxygen

pathways

- Limited nutrients
p - Closed system
Haloarchaea in fluid
inclusions
H Microbial death

Carbonand <=

energy source Necromass

Figure 4.1. Schematic view of Haloarchaea entombed in a fluid inclusion inside the crystals of halite. As reported in the
literature (see Introduction), Haloarchaea can feed on carbon and energy sources coming from organic matter that gets
trapped in the fluid inclusions together with the Haloarchaea; dead cells of Haloarchaea can became part of this pool of
carbon and energy source.

4.2 Phenotypical and genotypical signature of halophiles

The strategy adopted by extreme halophiles (discussed in Chapter 1) results in them having a
proteome with an excess ratio of acidic to basic amino acids. To avoid problems such as unfolding
and instability, proteins of Halobacterium salinarum, and Haloarchaea in general, are predominantly
negatively charged with most of the negative charge occurring on surface amino acid residues (Oren
2013; Soppa 2006; Madern, Ebel, and Zaccai 2000). Different studies have investigated the stability
of proteins with low hydrophobicity in halophiles, and proposed this as an additional molecular
signature of life in hypersaline environments (Hutcheon et al., 2005; Lanyi 1974). Also, Paul et al.
(2008) investigated the physical and chemical principles sustaining the stability of proteins in high
salt milieu mostly based on genomic analysis, and found that in the secondary structure of proteins

from halophiles with salt-in strategy, coils are preferred to alpha helices. In the same study, they also
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investigated the physical and chemical structure of the DNA of halophiles, to identify signatures of
adaptation to high salt. They found evidence of specific selection on dinucleotide and synonymous
codon usage that are preferred in halophiles, and how this is a salt-specific signature: in fact, the
higher frequency of GA, AC and GT, reflects the preference of amino acids Asp, Glu, Thr and Val,
typically more abundant in the proteome of halophiles (Paul et a/. 2008). While this is inferred from
the DNA sequence, there are also reports that have focussed on the protein structure (Graziano and
Merlino 2014, and references therein). A famous example is the case of the malate dehydrogenase
(hMDH) in Haloarcula marimortui: Dym et al. (1995) determined by X-ray crystallography the
structure of the hMDH enzyme and clearly showed surface negative charges on the enzyme,
preventing denaturation.

Halophiles tend to have a high mol% G&C content, possibly as an adaptation to intense UV radiation,
and Haloquadratum walsbyi compensate for its lower GC-content (XX%) with more photolyases
genes devoted repair UV damage (Jones and Baxter 2016). Paul er al. (2008) suggest an additional
explanation to the high G&C-content of halophiles, and that is related to the DNA structure in high
salt environments.

Halobacterium salinarum has been used as a model organism over the last decades to study many
different biological processes. Several highly similar species of Halobacterim should be regarded as
strains of Halobacterium salinarum (Oren and Ventosa 2017). The strain studied in this work is
Halobacterium salinarum NRC-1, which is very similar to the strain R1, due to an important number
of insertion sequences (ISH elements) (Briigger et al. 2002). To study the main difference that makes
these two different strains, Pfeiffer e al. (2008) investigated the similarities between the genomes of
NRC-1 and RI1. Their results show that their chromosome is completely colinear and virtually
identical, but their plasmids have differences, with regards to 210 kb of sequence occurring only in
R1 and the remaining 350 kb are virtually identical. At the protein level, Pfeiffer et al. (2008) also
found that 20% of protein sequences differ despite the similarity at the DNA level; they concluded
that NRC-1 and R1 originate from the same natural isolate and are two different strains of

Halobacterium salinarum.

4.3 Aims and objectives

When considering the existence of a pool of carbon and energy sources to sustain the metabolism of

Haloarchaea in fluid inclusions of halite, there are important points to consider: 1) What are the
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physiological adaptations of Halobacterium salinarum NRC-1 to survive in fluid inclusions of halite?
2) Is their survival fully dependent on the recycling of available organic matter? 3) How long can the
recycling of carbon and energy sources sustain the metabolism of Haloarchaea? In order to answer
these questions and to shed light onto the innate ability of Haloarchaea to survive over geological
timescale, we investigated the changes in the proteome of Halobacterium salinarum NRC-1 over a
period of 42 days entombed in lab-made halite to gain insights into possible mechanisms of long-

term survival.

4.2 Methodology

4.2.1 Microbial culture

For the preparation of a starter culture, Halobacterium salinarum NRC-1 was grown
aerobically in the dark at 30°C on a shaker at 100 rpm, in 15 ml of 20% NaCl Payne liquid medium
(Chapter 2, Table S2.1), in a 50 ml falcon tube, until late-exponential phase. When the ODgoo reached
the value of 0.900, 1 ml was inoculated into 100 ml of 20% NaCl Payne liquid medium, in 300 ml
flasks, and cultured at 30°C in the dark on a shaker at 100 rpm until the late exponential phase (Figure
S2.1).

4.2.2 Entombment of Halobacterium salinarum

When late-exponential phase was reached, 30 ml of culture was centrifuged (8500 g, 4°C, 20
min) and the cell pellet was washed in 25 ml of 25% NaCl; 2.5% MgSO4:7H20 twice and centrifuged
again. Cells were resuspended in 100 ml of salt solution (25% NaCl; 2.5% MgSO4-7H20) and cell
concentrations were determined with a counting chamber (Helber chamber, Fisher) and adjusted to
5x108 cells/ml. In order to get to the desired final cell concentration, where needed, an additional
volume of culture was centrifuged, washed in salt solution, and added to the previous suspension. A
volume of 100 ml of each suspension was then poured into sterile 145 mm diameter Petri dish and
was left, with lids off, on a disinfected, unused laboratory bench. When the crystallization was

completed, the petri dishes were stored with lids on.
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4.2.3 Protein extraction

Proteins were prepared following a previously described method that is a personal
communication of Igor Chernukhin and adapted by Gramain (Gramain, 2009). Three time points
were selected in this experiment, representing respectively, the cells in the liquid culture at the late
exponential phase (day -11: T-0), the moment of crystallisation (day 0: T-1) and 42 days after the

crystallisation was completed (day 42: T-2) (Figure 4.2).

Late exponential phase  Crystallisation completed 42 days entombed in halite
T-0 T-1 T-2
Day -11 Day 0 Day 42

Figure 4.2. Pictures of the three time points chosen from which the proteins were extracted and analysed. T-O:
Halobacterium salinarum NRC-1 grown aerobically in 20% NaCl modified Payne medium on a shaker (100 rpm) at 30°C
until the late exponential phase. T-1: After eleven days the precipitation was completed, and the halite crystals were

formed. T-2: The crystals were kept at ambient temperature closed in a petri dish, covered, for 42 days.

For the first time point, harvested cells were collected by centrifugation (8500 g, 4°C, 20 min) and
the pellet washed in a solution composed of 15% w/v NaCl; 1.5% MgSOs-7H20. The resulting pellet
was then stored at -80°C until protein extraction. For the following two time points, 30 g of salt
crystals with entombed cells of Halobacterium salinarum NRC-1 were dissolved in sterile MilliQ
water to give a final concentration of 20% w/v salt. In order to facilitate the dissolution, the falcon
tubes were placed on a shaker at 100 rpm at room temperature. Once the crystals were dissolved, the
samples were centrifuged (8500 g, 4°C, 20 min), and the resulting pellet stored at -80°C until protein
extraction. The frozen cell pellets were slowly thawed on ice and then resuspended in 2 ml of
urea/mercaptoethanol solution (8 M, 20 mM, respectively). Separately, one tablet of Protease-
inhibitor (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche) was dissolved in 100 pl
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of sterile MilliQ water, following manufacturer’s protocol. Benzonase nuclease (Benzonase®
Nucleasel > 250 units/pl, >90%, Sigma) was diluted 1:10 in MilliQ water to obtain a final
concentration of 25 units/puL. Subsequently, 20 uL of Protease-inhibitor solution and 2 pL of diluted
Benzonase nuclease were added to the sample. The suspension was then vortexed for one minute at
maximum speed and incubated on ice for 20 minutes. The suspension was then centrifuged (8500 g,
4°C, 20 min) and the supernatant was transferred to a fresh 15 ml Falcon tube and treated with 1
volume of ice-cold acetone (100% v/v) for 15 minutes at -20°C. Subsequently, 10 pl of urea (8 M)
was added, and the tube centrifuged (10,000 g, 4°C, 10 minutes). The resulting protein pellet was air-
dried and resolubilized with 100 pL of resuspension buffer (42.04 g urea, 15.22 g thiourea, 4 g
CHAPS, 2 ml mercaptoethanol made up to 100 ml with MilliQ water), as described by Tebbe et al.
(2005), then stored at -80°C until use.

4.2.4 Protein analysis

Extracted proteins were stored at -80°C and were subsequently slowly defrosted in ice. In
order to visualise the proteins by SDS-PAGE, 5 pl of sample was added to 5 pl of loading buffer and
then incubated for 5 minutes in a water bath at 90°C. The loading-buffer stock solution was composed
of 1.25 mL of TRIS-HCI (0.5 M, pH 6.8), 2.5 mL of glycerol, 2 mL of SDS (10% w/v), 0.2 mL of
bromophenol blue (0.5% w/v) and 3.55 mL of Milli-Q water. A volume of 950 ul of loading-buffer
stock solution was supplemented with 50 pl of 2-mercaptoethanol (Bio-Rad) before use.

The denatured samples were then loaded onto a Mini-PROTEAN TGX precast, 10%
polyacrylamide gel (Bio-Rad), and run for one hour at 100 V, using a 1 x running buffer (15 g of TRIS,
72 g glycine (Sigma-Aldrich) and 5 g of SDS pH 8.3 in 1 L of Milli-Q water). The gel was loaded
with 5 pl of PageRuler™ prestained protein ladder (Thermo Fisher Scientific). The gel was then
stained with Coomassie Brilliant Blue (0.1% Bio-Rad Coomassie Brilliant Blue R-250, 50% v/v
methanol, 10% v/v glacial acetic acid) overnight, and then treated with destaining solution (40% v/v
methanol, 10% v/v glacial acetic acid) for 3 h. The gel was then transferred into a transparent
container with MilliQ water for observation.

Total protein in the final solution was determined using the modified Bradford protein assay,
and a BSA standard. The dye reagent was prepared by diluting one part Dye Reagent (Bio-Rad Quick
Start™ Bradford 1x Dye Reagent) concentrate with 4 parts MilliQ water. Five known dilutions of the
protein standard Bovine Serum Albumin (Bio-Rad Protein Assay Standard II) were prepared. On the
microtitre plate (Nunclon™ Surface, Nunc™), 10 pul of each standard was added to triplicate wells of
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the microtiter plate, and 10 pl of each sample dilution was added to triplicate wells. Subsequently,
200 pl of the diluted dye reagent was added to each well. The solution in each well was well mixed
and incubated at room temperature for 5 minutes. The absorbance was then measured at 595 nm with
a spectrophotometer and the data plotted against the standard concentration.

The in-gel trypsin digestion was performed by Dr. Gergana Metodieva and used to prepare the
samples for the mass spectrometric identification of proteins. Briefly, the gel was sliced into small
pieces of 1-2 mm and subsequently destained three times in a solution of 100 pl of 50% Acetonitrile
(ACN)/50 mM NH4HCOs. Gel slices were dehydrated with ACN 50%, rehydrated with 30 pl of
Dithiothreitol (DTT) solvent and incubated for 30 minutes at 37°C. After the removal of DTT, 30 ul
of iodacetamide were added and incubated in the dark at room temperature for 30 minutes. After the
removal of the solvent, the samples were dehydrated with ACN 50% and subsequently rehydrated
with 25 pl of trypsin solution (Sequencing Grade Trypsin, Promega). Up to a volume of 20 pl of 50
mM NH4HCO; was added to the gel pieces to cover them and they were incubated overnight at 37°C.
A volume of 5 pl of 5% formic acid was added and the peptide collected in a clean tube for extraction.
The extraction was carried out with 50 pl of 50% ACN with 0.1 % v/v formic acid. The liquid was
then collected, and peptides extracted with 50 pl of ACN 50%. Finally, the samples were dried in a
vacuum concentrator. Through this method, the extracted proteins were cleaved into peptide
fragments, that were then dried and reconstituted in 20 pl of LC/MS-grade water containing 0.1%
(v/v) formic acid.

The LC-MS/MS analysis was performed by Dr. Metodi Metodiev using the protocol published
in Greenwood ef al. (2012). The samples were analysed on a hybrid linear LTQ/Orbitrap Velos
instrument (Thermo Fisher) interfaced to a split-less nanoscale HPLC (Ultimate 3000, Dionex)
following the method described by Greenwood et al. (2012). The fragmented peptide samples
resulting from the in-gel digestion (2 pl) were injected automatically by the autosampler and desalted
and concentrated online at a flow of 1 pl'min™! on a 2 cm long, 0.1 mm inner diameter (i.d.) trap
column packed with 5 um CI18 particles (Dionex). After concentration/desalting, the fragmented
peptides were eluted from the trap column and separated in a 90-min gradient of 2-30% (v/v)
acetonitrile in 0.1% (v/v) formic acid (flow rate 0.3 pl-min™'), and subsequently separated on a 15
cm-long, 0.1 mm i.d. pulled tip packed with 5 pm C18 particles (Nikkyo Technos Co., Tokyo, Japan).
The elution of peptides was then electrosprayed directly into the mass spectrometer at a voltage of
1.75 kV using a liquid junction interface.

Data analysis was initially performed by Dr Metodi Metodiev in MaxQuant (Cox and Mann
2008) following a previously described method (Gregson et al., 2019). Firstly, the raw data files from
the LQT/Orbitrap Velos instrument, were converted to MSM files, through the MaxQuant “Quant”
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module. As an integration of MaxQuant, Andromeda, an open-source search engine, was used to
identify peptides in sequence databases by their fragmentation spectra (Cox et al., 2011). To obtain
the final data set, peptides and proteins were filtered at 0.3% false discovery rate (FDR). The number
or MS/MS spectra matched to the corresponding proteins were counted to quantify the proteins.
UniProt protein sequences from Halobacterium salinarum NRC-1 (Pfeiffer et al. 2008) were used to
perform protein identification. The default settings in MaxQuant and Andromeda were used to
validate proteins with a minimum of one peptide. Where proteins were validated with only one
peptide, the peptides unique to the protein in question had to be distinctly identified. Proteins
identified as contaminants from the LC-MS/MS sample preparation (i.e. trypsin and keratin), were
removed from the data set. Furthermore, the final data set was filtered against Natrinema pallidum
JCM 8980/Natrinema altunense JCM 12890 (100% similarity), as it was found as a contaminant in
the experiment. Differences between runs were accounted for by normalization of spectral counts to
total spectral counts (where total spectral counts varied from 817 to 1363 per run). As a result of the

criteria used, the final data set included a total of 424 proteins.

4.2.5 Statistical analysis

To account for differences between runs, spectral counts were normalised against total spectral
counts. The OMICS package of XLSTAT-Premium Version 2020.1.3 (Addinsoft), differential
expression analysis was performed on the normalised spectral count data by analysis of variance
(ANOVA). The Benjamini-Hochberd false discovery rate was used to correct post-hoc p-values
(Benjamini and Hochberg 1995). Difterentially expressed proteins were identified by Students t-test
with Tukey’s Honestly Significant Difference (HSD) post-hoc test for pairwise comparisons (e.g.,
time points over the process of entombment). Fold-changes in protein spectral counts between
treatments were calculated by dividing the following time point spectral counts by the previous time
point spectral counts (e.g., T-2 spectral counts divided by T-1 spectral counts). For the purpose of
generating volcano plots, in order to include proteins with spectral counts of zero in one of the
treatments, a value of 1 was added to the mean spectral count of each protein within the three time
points analysed. This approach minimally altered the spectral count ratio while allowing the

visualisation of all the proteins detected to be displayed on the volcano plots.
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4.3 Results

4.3.1 Visualisation of proteins on SDS-PAGE precast gels

Prior to the LC-MS/MS analysis, extracted proteins were separated by SDS-PAGE. This gel gave a
visual representation that proteins had been successfully extracted. Three out of four replicates were
visualized of gel, and it clearly showed the proteome had changed with time (Figure 4.3).

Replilcate 1 Replilcate 2 Replicate 3

kba -11 0 42 -11 0 42 -11 0 42

Figure 4.3. Precast gel showing three replicates of the three time points used and the separated proteins. -11, 0 and 42
indicate respectively T-0 (day: -11), T-1 (day: 0), and T-2 (day: 42). 10% Mini-PROTEAN® TGX™ Precast Gels
(BioRad). A volume of 20 pL of extracted proteins was loaded into the gel pockets and 5 pL of the PageRuler™ Prestained

Protein Ladder (ThermoFisher Scientific) was used as marker.

4.3.2 LC-MS/MS Shotgun Proteomic Analysis

Twelve LC-MS/MS runs were performed consisting of four independent biological replicates of three
time points across the process of entombment in laboratory-made halite. The three time points
represented respectively: the late exponential phase in optimum growth conditions, complete
precipitation of salt, and 42 days inside the salt crystals (Figure 4.2). A total of 11891 MS/MS spectra
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were assigned to 424 proteins (average of 998.4 spectral counts per replicate and ranging from 1 to

91 spectral counts per protein after filtering the data according to specified criteria (Section 4.2.5).

4.3.3 Comparison of the proteome of Hbt. salinarum NRC-1between T-0 and T-1

Of the 424 proteins detected in the proteome of Halobacterium salinarum NRC-1 following
entombment in salt crystals, 30 were significantly differentially expressed across the 11 days between
T-0 and T-1. In this comparison, the relative abundance of 20 proteins was found to be significantly

decreased and 10 were significantly increased (Figure 4.4).

log10(p-value)

log2fold change

® Up-regulated Down-regulated O Non-significant

Figure 4.4. Volcano plot of normalised LC-MS/MS spectral counts comparing Halobacterium salinarum NRC-1 protein
expression across 11 days of becoming entombed inside fluid inclusions (comparison between T-0 and T-1). Large circles
(orange and blue) represent differentially expressed proteins with p-values (t-test) below 0.05 (-log10(0.05) = 1.301) and
a fold change value ranging between 0.09 and 0.63 for proteins found in lower abundance, and a value ranging between
1.48 and 2.17 for proteins found in higher abundance (real values). Fold-changes in protein spectral counts between
treatments were calculated by dividing the following time point spectral counts by the previous time point spectral counts
(i.e., T-1/T-0). For the purpose of generating volcano plots, in order to include proteins with spectral counts of zero in
one of the treatments, a value of 1 was added to the mean spectral count of each protein within the three time points
analysed; this minimally altered the spectral count ratio while allowing the visualisation of all the proteins detected to be

displayed on the volcano plots. Where there are multiple proteins in one point, the proteins are overlapped. Large, orange
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circles containing numbers represent proteins with lower abundance at T-1 versus T-0 (Uniprot codes in brackets): 1: D-
3-phosphoglycerate dehydrogenase (Q9HMRO); 2: Transducer protein Htr7 (PODMI5), 50S ribosomal protein L24
(Q9HPC3), HGPRTase-like protein (Q9HRT1), AAA-type ATPase (Q9HPU1), PhoU domain protein (Q9HS09); 3:
Vng6208c (Q9HHV6); 4: Thermosome subunit alpha (Q9HN70); 5: 50S ribosomal protein L4 (Q9HPD3); 6: Taxis
protein CheF1 (Q9HQX2); 7: Pyruvate kinase (Q9HSADS); 8: 30S ribosomal protein S3Ae (QI9HRAS); 9: Branched-
chain-amino-acid aminotransferase (Q9HNF8); 10: ABC-type transport system ATP-binding protein (Q9HMX3); 11:
Translation initiation factor 2 subunit gamma (Q9HNKO9); 12: Peptide chain release factor subunit 1 (Q9HNFO0); 13: 30S
ribosomal protein S19e (Q9HNP2); 14: ABC transporter, ATP-binding protein (Q9HRV7); 15: DNA protection during
starvation protein (Q9HMP7); 16: Arginine-tRNA ligase (Q9HHNZ2). Large, blue circles containing letters represent
protein with higher abundance at T-1 versus T-0: A: Putative dimethyl sulfoxide reductase iron-sulfur subunit B
(Q9HR73), ParA domain protein (Q9HHU2), HD_domain domain-containing protein (Q9HR93), ABC transporter
(Lipoprotein) (Q9HRADO); B: Glutamate-1-semialdehyde 2,1-aminomutase (Q9HMYS8); C: Flagellin B1 (P61116); D:
Pyruvate dehydrogenase alpha subunit (Q9HN77); E: TATA-box-binding protein B (Q48325); F: Putative dimethyl
sulfoxide reductase catalytic subunit A (Q9HR74); G: Ornithine carbamoyltransferase, catabolic activity (Q48296).

4.3.4 Comparison of the proteome between T-1 and T-2

Of the 424 proteins detected in the proteome of Halobacterium salinarum NRC-1 following
entombment in salt crystals, six proteins were significantly differentially expressed across the 42 days
between T-1 (day: 0) and T-2 (day: 42). One protein had significantly lower abundance and five

(some overlap) were significantly higher abundance (Figure 4.5).
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Figure 4.5. Volcano plot of normalised LC-MS/MS spectral counts comparing Halobacterium salinarum NRC-1 protein
expression across 42 days of being entombed inside fluid inclusions (comparison between T-1 and T-2). Large circles
(orange and blue) represent differentially expressed proteins with p-values (t-test) below 0.05 (-log10(0.05) = 1.301) and
a fold change value of 0.169 for proteins found in lower abundance, and for proteins found in higher abundance, their
spectral counts increased from O (T-1) to a value between 1.56 and 5.08 (real values). Fold-changes in protein spectral
counts between treatments were calculated as indicated in Figure 4.4. Where there are multiple proteins in one point, the
proteins are overlapped. Large, orange circles containing numbers represent lower abundant proteins over a period of 11
days of entombment (Uniprot codes in brackets): 1: 30S ribosomal protein S12 (POCXO00). Large, blue circles containing
letters represent the higher abundant proteins: A: Phosphoglycerate dehydrogenase (Q9HPW9), HAD superfamily
hydrolase (QO9HQE?2), DUF88 family protein (Q9HS40); B: 50S ribosomal protein L13 (Q9HQJ3), C: Histidine--tRNA
ligase (Q9HNPS).

4.3.5 Comparison of the proteome between T-0 and T-2

Of the 424 proteins detected in the proteome of Halobacterium salinarum NRC-1 following
entombment in salt crystals, 79 proteins were significantly differentially expressed across the 11 days
until complete precipitation and 42 days inside fluid inclusions of laboratory-made halite, for a total

of 53 days (comparison between T-0 and T-2). In this comparison it was found that 46 proteins had
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significant lower abundance, whilst 33 had significant higher abundance (p-value > 0.05; T-test)
(Figure 4.6).

6 > ¢

-log10(p-value)
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Figure 4.6. Volcano plot of normalised LC-MS/MS spectral counts comparing Halobacterium salinarum NRC-1 protein
expression across 42 days of being entombed inside fluid inclusions (comparison between T-0 and T-2). Large circles
(orange and blue) represent differentially expressed proteins with p-values (t-test) below 0.05 (-log10(0.05) = 1.301) and
a fold change value ranging from 0.019 and 0.45 for proteins found in lower abundance, and a value ranging between
1.45 and 4.26 for proteins found in higher abundance. For some proteins, the spectral count in T-0 or T-2 was zero; these
cases are further discussed in the Result section individually. Fold-changes in protein spectral counts between treatments
were calculated as indicated in Figure 4. Where there are multiple proteins in one point, the proteins are overlapped.
Large, orange circles containing numbers represent lower abundant proteins over a period of 11 days of entombment
(Uniprot codes in brackets): 1: Thermosome subunit alpha (Q9HN70); 2: Vng6208c (Q9HHV®6); 3: Transducer protein
Htr7 (PODMI5), Signal recognition particle 54 kDa protein (Q9HMNS), 50S ribosomal protein L24 (Q9HPC3), Glycerol-
3-phosphate dehydrogenase chain C (Q9HNS2), AAA-type ATPase (CDC48 subfamily) (Q9HPUL), FAD-dependent
oxidoreductase (Homolog togeranylgeranyl reductase) (QOHQEDS); 4: 50S ribosomal protein L10e (Q9HSS4); 5: Pyruvate
kinase (Q9HSADS); 6: Transcription initiation factor 11B (Q9HSF7); 7: 30S ribosomal protein S8e (Q9HPEY); 8: 30S
ribosomal protein S19e (QOHNP2); 9: Uncharacterized protein (Q9HS58); 10: 30S ribosomal protein S3 (P15009); 11:
30S ribosomal protein S13 (Q9V2W4), 50S ribosomal protein L4 (Q9HPD3), 30S ribosomal protein S3Ae (Q9HRADS),
50S ribosomal protein L32e (Q9HPB7), Serine--tRNA ligase (Q9HNJ8), Peptide chain release factor subunit 1
(Q9HNFO0), 50S ribosomal protein L10 (P13553); 12: 50S ribosomal protein L39e (QIHMMO9); 13: 50S ribosomal protein
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L18e (Q9V2WO0); 14: 50S ribosomal protein L3 (Q9HPD4); 15: Taxis protein CheF1 (Q9HQX2); 16: 30S ribosomal
protein S7 (POCXO01); 17: DNA-directed RNA polymerase (POCXO07); 18: Aminopeptidase (Homolog to leucyl
aminopeptidase/ aminopeptidase T) (Q9HSKS5), 30S ribosomal protein S9 (Q9HQJ2), 50S ribosomal protein L2
(Q9HPD1); 19: ABC-type transport system ATP-binding protein(Probable substrate dipeptide/oligopeptide) (QOHMX3),
2-(3-amino-3-carboxypropyl)histidine synthase (Q9HR56); 20: 50S ribosomal protein L22 (P15008); 21: 50S ribosomal
protein L10 (P13553), 50S ribosomal protein L15 (P05971), 30S ribosomal protein S12 (POCX00), Succinate--CoA ligase
[ADP-forming] subunit beta (Q9HPP1), 30S ribosomal protein S4 (Q9HQJ6), 50S ribosomal protein L19e (Q9HPB6),
Repair helicase (QO9HMB4), Alpha/beta hydrolase fold protein (Q9HRJO); 22: DNA protection during starvation protein
(Q9HMPY), Translation initiation factor 2 subunit gamma (Q9HNK®), Tubulin-like protein CetZ (Q9HNV2); 23: Cell
division protein FtsZ1 (Q9HS71); 24: Arginine-tRNA ligase (Q9HHNZ2). Large, blue circles containing letters represent
proteins up-regulated over a period of 42 days of entombment:a: Methenyltetrahydromethanopterin cyclohydrolase
(Q9HPDY7), Lipoate protein ligase (Q9HSKS); b: 50S ribosomal protein L13 (Q9hQJ3); c: NADH dehydrogenase-like
complex subunit 1 (Q9HRL7); d: Ornithine carbamoyltransferase, catabolic (Q48296); e: V-type ATP synthase beta
chain (Q9HNE4); f: Adenylosuccinate synthetase (QIHQMSG6); g: Aminopeptidase (Homolog to leucyl aminopeptidase/
aminopeptidase T) (Q9HMP2); h: HD_domain domain-containing protein (Q9HR93), Acyl-CoA dehydrogenase
(Q9HRIB); i: Glutamate-1-semialdehyde 2,1-aminomutase (QO9HMY8); j: PyrE-like protein (Q9HS16); k: Protein
translation factor SUI1 homolog (Q9HMES3); I: Elongation factor 1-alpha (Q9HM89); m: Pyruvate dehydrogenase alpha
subunit (QOHNT77); n: Phosphoribosyl transferase (QOHNW?7); o: Carbamate kinase (Q48295); p: Aconitase (QOHMF1);
g: Formyltetrahydrofolate deformylase (QIHNUO); r: V-type ATP synthase alpha chain (Q9HNE3); s: Putative dimethyl
sulfoxide reductase catalytic subunit A (Q9HR74); t: Malate dehydrogenase (Q9HPI2); u: Proteasome-activating
nucleotidase 1 (Q9HRWSG); v: Succinate--CoA ligase [ADP-forming] subunit alpha (Q9HPPOQ); w: GNAT family
acetyltransferase (Q9HRKS®6); x: HAD superfamily hydrolase (QIHQE2), GMP synthase [glutamine-hydrolyzing] subunit
B (Q9HP33), Probable glycine dehydrogenase (decarboxylating) subunit 2 (Q9HPKO), Bifunctional short chain isoprenyl
diphosphate synthase (Q9HSAS), Probable thiosulfate sulfurtransferase (QIHMT7), Archaeosine synthase (QOHNT?2),
DRTGG domain protein (Q9HQY9), Cysteine synthase (Q9HRP3), Succinate--CoA ligase [ADP-forming] subunit alpha
(Q9HPPO).

4.3.5.1 Differentially abundant ribosomal proteins

Among the 46 proteins that had significantly lower abundance at T-2 versus T-0, 21 were identified
as ribosomal proteins (p-value < 0.05; t-test). This suggests that the ribosomal machinery responsible
for the biosynthesis of new proteins is significantly down-regulated, which indicates that the cell is

not devoting as much energy for growth and reproduction from T-0 to T-2 (Figure 4.7).
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Figure 4.7. Normalised spectral counts of differentially expressed ribosomal proteins compared between T-0 (blue) and
T-2 (orange). The mean of four replicates is plotted for the protein spectral counts. The spectral counts plotted all have a
p-value < 0.05 and a fold change value ranging between 0.46 and 0.07, except for ribosomal proteins S8, S19e, L22, L4,
L10, L15, L39%e and L24 where the spectral count in T-2 is zero, and the ribosomal protein L13 that at T-0 has a spectral

count of zero, and increases in abundance at T-2.

As the correct RNA folding cannot occur efficiently without these ribosomal proteins, as reported by
Ramakrishnan and Moore (2001), these results indirectly suggest that the cells possibly were not
growing or might have had slowed down growth. Although the relative abundance of the proteins
detected in this experiment was low, collectively for ribosomal proteins 148 spectral counts in T-0,
and 34 in T-2, there are proteins that have significantly higher abundance, highlighting that many
metabolic activities continue during entombment. In Figure 4.7, it is clear that one ribosomal protein
bucks this general trend. The 50S ribosomal protein L13 had significantly higher abundance (T-0 =
0, T-2 = 5.09 spectral counts).

4.3.5.2 Differentially abundant proteins involved in the biosynthesis of new proteins

Among the other proteins that had significantly lower abundance at T-2 (day: 42) versus T-0 (day: -
11), and involved in the process of translation, there is the protein Translation Initiation Factor-2

subunit gamma (p-value < 0.05 (t-test) and fold change 0.142) (Figure 4.8).
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Figure 4.8. Normalised spectral counts of differentially abundant protein Translation initiation factor 2 subunit gamma

over a period comprised between optimum growth (T-0) and 42 days entombed in laboratory-made halite. The mean of
four replicates is plotted for the protein spectral counts (+ S.E.). Significance: p-value < 0.05 (t-test) and a fold-change of
0.142).

The protein Translation initiation factor 2 (e/alF2 —where “e” stands for Eukarya and “a” for Archaea)
is composed of three subunits called alpha, beta and gamma. The genes are respectively coded by
SUI2, SUI3 and GCD11. The protein alF2, together with GTP and methionylated initiator tRNA,
binds to the small ribosomal subunit. It is in fact this initiation factor that delivers the Met-tRNA;V®
and therefore responsible for the beginning of translation (Benelli et al., 2017; Schmitt et al., 2010).
The subunit gamma is at the core of the entire structure of alF2, and it is also responsible for binding
GTP. If gamma is not present, the interaction between the subunits alpha and beta does not occur. In

this dataset, The alpha and beta subunits have decreased from T-0 to T-2 but not significantly.

In the same comparison (T-0 and T-2), another protein involved in the translation process that was
found to have significant lower abundance over time is the protein Peptide Chain Release Factor
subunit 1 (p-value < 0.05 (t-test), spectral counts = 0 in T-2) (Figure 4.9). This protein acts as a codon-
specific release factor (RF) and is part of the release factor class I, therefore its role is to recognize
the stop codon in the aminoacyl site (A site) of the ribosome and catalyses the hydrolysis of the
peptidyl-tRNA.
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Figure 4.9. Normalised spectral counts of differentially expressed protein Peptide chain release factor 1 over a period
comprised between optimum growth conditions and 42 days entombed in laboratory made Halite. The time points
compared are T-0 (aerobic growth conditions) and T-2 (Entombment >42 days). The mean of four replicates is plotted

for the protein spectral counts (+ S.E.), p-value <0.05 (t-test), T-2 value is zero).

4.3.5.3 Up-regulation of enzymes involved in the fermentative arginine degradation

Enzymes involved in the fermentative arginine degradation were more abundant in T-2 compared to
T-0 (Figure 4.10). Ornithine carbamoyltransferase and the carbamate kinase were significantly more
abundant in T-2 compared to T-0, and the arginine deiminase was higher too, but not significantly.
Overall, these results indicate that the organism might activate this pathway to produce ATP
molecules, as for each arginine there is the production of a molecule of ATP (Ruepp and Soppa 1996).
It should be noted that even at T-0, there is a relatively high abundance of these proteins, suggesting
that even under apparently aerobic conditions, Hbt. salinarum may be carrying out arginine
fermentation. In addition to the three enzymes involved in this pathway, | also found significantly
higher abundance in T-2 of the Arginine t-RNA ligase, the enzyme responsible for the charging of
the tRNA with its respective amino acid. Although not directly involved in the fermentative arginine
degradation, the higher abundance in T-2 of this enzyme, might indicate that the organism is devoting

the amino acid for the production of energy rather than the biosynthesis of proteins.
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Figure 4.10. Normalised spectral counts of differentially abundant proteins involved in the fermentative arginine
degradation and two additional proteins that are involved in arginine utilization, Arginine/Ornithine Antiporter (A/O
antiporter) and the Arginine-tRNA ligase (A-tRNA, fold change = 0.40). The latter are less abundant in T-2, whereas the
three enzymes arginine deiminase (ADI), carbamate kinase (CK, fold change = 2.24) and catabolic ornithine
transcarbamylase (OTC, fold change = 2.57) are more abundant. The mean of four replicates is plotted for the protein

spectral counts (£ S.E.). * Indicates p-value < 0.05 (t-test).

4.3.5.4 Use of alternative electron acceptors

The enzyme DMSO reductase had significantly higher abundance in T-2 compared with T-0, with a
fold change value of 1.81 (Figure 4.11). This enzyme catalyses the reduction of dimethyl sulfoxide
(DMSO) to dimethyl sulphide (DMS) during anaerobic respiration, but can use as substrate also
trimethylamine N-oxide (TMAQ) (Muller and DasSarma 2005). The beta subunit of this enzyme is
proposed to be involved in electron transfer, confirming its role as an alternative terminal electron
acceptor (Miller and DasSarma 2005; Oren 2013). Muller and DasSarma (2005) demonstrated that
is the absence of the oxygen, and not the presence of either DMSO or TMAO, that induces the dms
gene cluster and that dmsR, one of the gene in the cluster, may respond directly to changing oxygen
concentrations. The higher abundance of this protein might indicate that the oxygen levels in the fluid
inclusions are triggering the transcription of the dms gene cluster. This is a different scenario
compared to the fermentation (e.g., arginine fermentation), where, primarily, the process is induced

by decreasing oxygen concentrations, but can still occur in the presence of oxygen.
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Figure 4.11. Normalised spectral counts of differentially expressed protein Putative dimethyl sulfoxide reductase iron-
sulfur subunit B. This protein is significantly higher abundant in T-2, p-value < 0.05 (t-test) and fold change = 1.81. The

mean of four replicates is plotted for the protein spectral counts (z S.E.).

4.3.5.5 Other proteins significantly differentially abundant after 42 days of

entombment

Cell division protein FtsZ1 was significantly lower abundant in Halobacterium salinarum NRC-1
when entombed in fluid inclusions for 42 days (Figure 4.12). The protein Cell division protein FtsZ1
is an essential cell division protein that forms the so-called Z ring, a contractile structure at the
division site of the dividing cell (Liao et al. 2021; Wang and Lutkenhaus 1996; Bernander and Ettema
2010). This result might indicate that the cell is actively reducing the rate of cellular division, by
decreasing the relative abundance of the protein FtsZ1, one of the first molecule to assemble at the
division site. Importantly, this protein specifically binds GTP, therefore, by reducing the relative
abundance of FtsZ1, the organism might modulate the rate of cellular division and avoid unnecessary
utilisation of high-energy molecules like GTP. We detected also the protein Cell division protein
FtsZ2, and in the comparison between T-0 and T-2 it was found to be higher, however, not
significantly. Liao etal., (2021) found that in Haloferax volcanii the cell division cannot be performed
properly without the interaction of the two proteins FtsZ1 and FtsZ2, therefore a down-regulation of
FtsZ1 impacts the interaction with FtsZ2, affects the rate of cellular division, and avoids unnecessary

GTP expenses.
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Figure 4.12. Normalised spectral counts of differentially expressed cell division protein FtsZ1. This protein is significantly
lower abundant in T-2 compared to T-0. The mean of four replicates is plotted for the protein spectral counts (£ S.E.).

Significance: p-value < 0.05; fold-change: 0.45.

Interestingly, the protein DNA-directed RNA polymerase subunit A also had lower abundance in T-
2 compared to T-0 (Figure 4.13). Transcription in Archaea has been defined as a hybrid of Eukarya
and Bacteria (Bell and Jackson 1998), and RNA polymerases (RNAPs) are composed by multiple
subunits, among which, the subunit A found in this experiment. Since its relative abundance was
significantly lower in T-2, it is possible to speculate that there is a down-regulation also of the
transcription process. Additionally, another protein involved in the transcription, namely the protein
Translation initiation factor 11B 7 was also found lower abundant in T-2 compared to T-0, in line with

the hypothesis that the transcription process is down-regulated (Figure 4.14).
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Figure 4.13. Normalised spectral counts of differentially expressed protein DNA-directed RNA polymerase subunit A.
This protein is significantly lower abundant in T-2 compared to T-0. The mean of four replicates is plotted for the protein

spectral counts (+ S.E.). p-value < 0.05; fold-change: 0.35.
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Figure 4.14. Normalised spectral counts of differentially expressed protein Transcription initiation factor 11B 7. This
protein is significantly lower abundant in T-2 compared to T-0. The mean of four replicates is plotted for the protein

spectral counts (+ S.E.), p-value < 0.05; fold-change: 0.11.

4.3.6 Contamination by Natrinema sp.

During the proteomics analysis, contamination by another Haloarchaea was found in the samples.
Following the methods described in Chapter 2, the two growing isolates were indicated as “dark red
colonies” and “light orange colonies” (Figure 4.15). The 16S rRNA gene sequence analysed was then
analysed: the dark red colonies had 100% 16S rRNA identity to Halobacterium salinarum NRC-1
studied in this experiment, and Halobacterium salinarum 91-R6, and the light orange colonies were

100% similar to Natrinema pallidum and Natrinema altunense (Figure 4.16).

Figure 4.15. Colonies on solid media (20% NaCl modified Payne) of two different colours, “dark red colony” on the left

that is Halobacterium salinarum NRC-1 and “orange light colony” on the right that is Natrinema sp.
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Figure 4.16. Neighbour-Joining phylogenetic tree based on the 16S rRNA sequence (primers used: 515F (Parada et al.,
2016) and 806R (Apprill et al. 2015), obtained from the “light orange colony” and “dark red colony”. The phylogenetic
tree was generated from a MUSCLE alignment of the sequences. The neighbour-joining method was used and the
evolutionary distances were computed using the Kimura 2-parameter method in MEGA7 software (Kumar et al., 2016).

The phylogenetic analysis was performed by Nora Georgiev (Georgiev, 2020).

4.4 Discussion

4.4.1 Differentially abundant proteins involved in the biosynthesis of new proteins

Ribosomal proteins, together with rRNA and translation factors, orchestrate the mRNA-directed
protein biosynthesis. Each of these factors has different functions and they are regulated throughout
the entire process. The ribosomes, constituted by ribosomal proteins and rRNA, undergo important
conformational rearrangements both between the two subunits and within each subunit
(Ramakrishnan and Moore 2001). As reported in Table 4.1, each ribosomal protein has a specific
role, some of which are still unclear. In this experiment, the majority of the ribosomal proteins that
are responsible for stabilizing the tertiary structure of the RNA in the ribosomal architecture
(Ramakrishnan and Moore 2001) had significantly lower abundance, along with other ribosomal

proteins with a diverse array of functions, summarized in Table 4.1. The expression of ribosomal
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proteins is tightly co-regulated and responds collectively to a variety of nutritional and environmental
stimuli (de la Cruz et al. 2018): in this study, the authors highlight the fact that the assembly of the
ribosomal subunits, and the transcription of the respective genes, are highly interdependent and do
not happen simultaneously. Therefore, the lower abundance of ribosomal proteins, crucial for the
correct folding of the rRNA, is enough to compromise the entire ribosomal functional structure,

resulting in deceleration of translation efficiency, which in turn, results in a low-rate cell division.

Table 4.1 Summary of ribosomal proteins and their role in translation. In bold, ribosomal proteins significantly
differentially expressed in this experiment (comparison T-0 — T-2). Other ribosomal proteins known to be important for
the RNA folding, but not statistically significant in this experiment, are: S10, S11, S17, L21e, L37e and L44e.

Detected in this experiment (p-

value > 0.05) in the comparison TO Function Reference
versus T2
S9; S13 Tendrils contact P-site-bound tRNA
S10; S11; S17 Not specified Ramakrishnan and Moore, 2001
S12 Binds mRNA and IF factors
S19
S3; S3Ae Binds mRNA and IF factors
. Repressors in the regulation of ribosomal
S4; S7 - . - . .
protein synthesis (in E. coli) Maguire and Zimmermann, 2001
S4 Binds mRNA and IF factors
S8e
. Presumably required to maintain the
L2;L3; L4 conformation of the rRNA at the active site
L2; L3; L4; L15 Transfers peptide to aminoacyl-tRNA
L2 Binds fMet-tRNA and peptidil-tRNA Ramakrishnan and Moore, 2001
Helps form a constriction in the tunnel from
L3 - -
the peptidyl-transferase site
L19; L39% Not specified
L21le; L37e; L44e Not specified
L18e; L24 Binds fMet-tRNA and peptidil-tRNA
Helps form a constriction in the tunnel from Maguire and Zimmermann, 2001
L22 . -
the peptidyl-transferase site
L10; L10e; L32e Not specified
L13 Might be involved in regulation of Mazumder et al., 2003

transcription
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Against this trend of lower abundance, the ribosomal protein L13 was significantly more abundant at
T-2 compared to T-0. In the model proposed by Mazumder et al. (2003) for Eukarya, when L13a is
integrated in the 60S ribosomal subunit, the efficiency of the translation is enhanced. The
phosphorylation of L13a leads to its release from the ribosome, and it binds, possibly in a complex
with auxiliary proteins, and silences translation. In this model, the ribosome functions not only as a
protein synthesis machine, but also as a depot for regulatory proteins that modulate translation. Based
on the similarities that Archaea share with Eukarya (Dennis 1997; Benelli et al., 2017; Schmitt et al.
2020, and references therein), especially at the initiation step of the translation process (Schmitt et
al., 2010), L13a studied by Mazumder and colleagues (2003) and L13 found in Halobacterium
salinarum, might have similar functions. According to the model proposed by Mazumder et al. (2003)
there are four possible mechanisms for translational silencing: 1) inhibiting function of one or more
components of the cap-binding complex (a structure found at the 5' end of eukaryotic mMRNA), elF4F;
2) blocking recruitment of the 43S pre-initiation complex; 3) preventing scanning of the 43S complex
to the initiation codon; 4) blocking 60S ribosomal subunit joining. This modification activates the
50S ribosomal protein L13 to bind a mRNA structure (possibly together with other co-factors) and
lead to different scenarios summarized in Figure 4.17, that eventually, individually or concurrently,

affects negatively the translation efficiency (see Conclusions for future perspectives).

1) inhibiting function of one or more components of termination complex;
2) blocking recruitment of the large subunit preinitiation complex;

3) preventing scanning of the large subunit to the initiation codon;

4) blocking small ribosomal subunit joining.

l

Translation efficiency

T T T T2\ sensibly slowed down
Growth rate -
slowed downl I [ . \
J Translation
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Figure 4.17. Proposed model for the regulation of translation by the ribosomal protein L13. In the model proposed by
Mazumder et al. (2003), the ribosome functions also as a depot for regulatory proteins that modulate translation. This

figure was created in BioRender.

The initiation step, similar in Archaea and Eukarya, is characterized by many different factors, finely
regulated, among which the protein Translation initiation factor 2 (a/elF2), composed by alpha, beta
and gamma subunits. The gamma subunit, which significantly decreased in abundance from T-0 to
T-2, is responsible for binding the methionylated tRNA and GTP. The alpha and beta subunits, which
showed no significant difference from T-0 to T-2, provide the protein alF2 its full tRNA binding
affinity, and contributes in small part to the overall stability of the heterotrimeric protein, respectively
(reviewed in Schmitt et al., 2010). The decrease in gamma subunit might indicate an efficient
mechanism that regulates the biosynthesis of new proteins: the translation process is slowed down at
the upstream level. By regulating the relative abundance of the gamma subunit, that is responsible for
the correct pairing between the initiation codon and the initiator tRNA anticodon and the hydrolysis
of GTP, Halobacterium salinarum may modulate the initiation step of the translation. In addition, the
regulation of the sole subunit that has GTPase activity avoids unnecessary coupling of GTP (high
energy content molecule) with the gamma subunit, therefore, limiting the consumption of energy.
Although the number of spectral counts was low, these results indicate that there may be an active
modulation of the physiology, with downstream consequences that eventually may lead to the long-
term survival (Figure 4.18). Previous studies reported that the genes coding for the three subunits of
elF2 were vital for yeast cell viability (Donahue et al. 1988; Hannig et al. 1993). However, further
studies have shown that deletion mutation in GCD11 (GCD: general control depressed) altered the
translation efficiency at the transcription activator GCN4 (GCN: general control non-inducible) AUG
codon (Benelli et al., 2017; Schmitt et al., 2010), meaning that the gamma subunit has an independent
role from alpha and beta in Saccharomyces cerevisiae (Hannig et al. 1993). Another study reported
a slow-growth phenotype in S. cerevisiae related to a mutation in the gene coding for the gamma
subunit (Erickson et al. 2001). Experiments by Schmitt et al. (2010) confirmed the role of the protein
Translation initiation factor alF2 in delivering Met-tRNA;M¢t to the ribosome, and also for selecting
the correct translation start site (Schmitt et al., 2010). Once the assemblage between alF2, the
initiation codon and the initiation tRNA anticodon is correct, GTP-bound to e/alF2 is hydrolysed
irreversibly. The protein e/alF2-GDP subsequently dissociates from the initiator tRNA and from the

ribosome. The 60S ribosomal subunit joins (the reaction is catalysed by elF5B, and the elongation
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step begins) (Schmitt et al. 2020; Schmitt et al., 2010). It is the irreversible GTP hydrolysis on e/alF2
that controls the accuracy of the translation initiation process, preventing initiation at non-AUG
codons. In Eukarya, elF2B is responsible for the regeneration of GTP on elF2-GDP, thereby recycling
the activity of the protein and so promoting the rate of the translation initiation and cell growth
(Schmitt et al., 2010). So far, equivalent of the catalytic subunit of elF2B has not been found in
Archaea; it is thought that the GTP recycling on alF2 is likely to occur spontaneously (Schmitt et al.
2020).

Down-regulation of the protein
or the gene coding for
Translation initiation factor 2
subunit y

RNA =L @l L1l @ No delivery of Met-tRNA

m ’ »  and no selection of correct
or @ translation site

GCD11 l 1

Translation efficiency

In the absence of the subunit
y the interaction between a
and B does not occur

T T T TN sensibly slowed down
Growth rate o
slowed downl I [ ) \
Translation
N
I slowed down I
LONG-TERM SURVIVAL e Metabolism —— — —

slowed down

Figure 4.18. Proposed reactions explaining the lower abundance found in T-2 of the product of the GCD11 gene coding
for the gamma subunit of the protein alF2 (Translation initiation factor 2), The heterotrimeric protein cannot be assembled
in the absence of the gamma subunit, causing a decrease in translation efficiency that results in a slow-growth phenotype.
The selective down-regulation of the gene GCD11 or the down-regulation of the protein expression may lead to the long-

term survival. This figure was created in BioRender.

4.4.2 Up-regulation of enzymes involved in the fermentative arginine degradation

In this experiment, enzymes involved in the fermentative arginine degradation were found to be
significantly more abundant at T-2 compared to T-O (Figure 4.10), namely the ornithine

carbamoyltransferase and the carbamate kinase. The arginine deiminase was higher too, but not
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significantly. Generally, in organisms able to perform the arginine deiminase pathway, the different
concentration of arginine/ornithine at the two sides of the membrane is the driver to the activation of
this pathway, and it has been proposed that the presence of the arginine/ornithine antiporter helps to
control the levels of these two amino acids at the two sides of the membrane (Poolman et al., 1987).
Since the nutrients from the medium were removed (see Methodology section of this chapter), it is
possible to speculate that the arginine that Hbt. salinarum NRC-1 might be using to produce energy
via the fermentation, comes from the intracellular milieu (Figure 4.19). To support this hypothesis,
the lower abundance of the Arginine tRNA ligase in T-2 might be an indication that the organism is
using the amino acid to produce ATP (via the fermentation of arginine) rather than making new
proteins. This is a matter of speculation as it is not known what the mechanisms for intracellular
regulation of ornithine and arginine are in this case, and whether or not the arginine deiminase
pathway activates independently from the intracellular levels of these two amino acids. The arginine
not used for the biosynthesis of new proteins (down-regulation of the Arginine-tRNA ligase), can
enter in the arginine fermentation pathway, that eventually will allow the organism to have one
molecule of ATP for each molecule of arginine used. The lower abundance, although not significant,
of the arginine/ornithine antiporter might indicate that there might be alternative ways to accumulate
arginine intracellularly. Furthermore, the lower abundance of the Arginine-tRNA ligase in T-2 is also

consistent with the findings that the translation process is slowed down (See section 4.3.5).
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Figure 4.19. Schematic view of the arginine deiminase pathway (A) and a proposed model for the arginine deiminase
pathway occurring at the intracellular level in Halobacterium salinarum NRC-1 entombed for 42 days in fluid inclusions
with no nutrients (B). (A) On the two sides of the membrane there is a different concentration gradient of arginine
(extracellular) and ornithine (intracellular). This different gradient is the driver to the extracellular release of ornithine
and the concomitant intracellular uptake of arginine. The arginine deiminase pathway results in the formation of a
molecule of ATP and the high intracellular ornithine pool is maintained through the reaction guided by the Ornithine
transcarbamylase, that, together with a phosphate group, catalyses the formation of ornithine and carbamyl-posphate
starting from citrulline. (B) In Halobacterium salinarum entombed for 42 days in fluid inclusions with no additional
nutrients, the arginine is accumulating intracellularly through a different mechanism: (B1) the enzyme Arginine-tRNA
ligase is significantly down-regulated, therefore the arginine is not used to synthesize new proteins, instead, it accumulates
intracellularly; (B2) the enzyme involved in the formation of the arginine/ornithine antiporter is significantly down-
regulated, therefore, the intracellular pool of these two amino acids must controlled intracellularly, however, it is not
known which are the mechanisms maintaining the balance, if present. The arginine not used for the biosynthesis of new
proteins, can enter in the arginine deiminase pathway, that eventually will allow the organism to have one molecule of
ATP for each molecule of arginine. This figure was created in BioRender.

4.4.3 Use of alternative electron acceptors

In this experiment, the alpha and beta subunit were both more abundant at T-2 compared to T-0,
however, only for the alpha subunit was the increase statistically significant (Section 4.3.5.4). Several

Haloarchaea can use dimethyl sulfoxide (DMSQ) and trimethylamine-N-oxide (TMAO), nitrate and
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to some extent fumarate, as alternative terminal electron acceptor (Oren and Triper 1990; Maller and
DasSarma 2005; Gruber et al. 2004). There are many enzymes belonging to the DMSO reductase
family, including DMSO reductase, TMAO reductase, Nitrate reductase and Perchlorate reductase.
The atom that coordinates the cofactor determines the type of protein (Miralles-Robledillo et al.
2019). In the DMSO reductase, the genes transcribing for the alpha (catalytic) and beta (electron
transfer) subunits are co-transcribed in the same operon (Miiller and DasSarma 2005). A typical
feature of DMSO and TMAO reductase from halophilic microorganisms is that the aspartate
coordinates the cofactor: interestingly, when looking at the sequence of the protein DMSO reductase
detected in this experiment, DmsA has its own branch (Miralles-Robledillo et al. (2019). This, on one
hand confirms that the protein detected is DMSO reductase, on the other, that Halobacterium
salinarum NRC-1 can use both DMSO and TMAO as substrate, which might be the reason why this
protein shows some is evolutionary distinctiveness. As reported by Muller and DasSarma (2005), the
dms operon is induced during anaerobic respiration, and the absence of a terminal electron acceptor
(e.g., oxygen) is essential to activate the operon. The significant increase of the DMSO reductase
alpha subunit over time might indicate that the levels of oxygen are decreasing, resulting in the
activation of the operon, which is consistent with the increase in proteins involved in arginine

fermentation (Section 4.4.2).

4.4.4 Other proteins significantly differentially expressed during the entombment

The results show that the cell-division protein FtsZ1 is significantly less abundant in T-2 compared
to T-0. This protein is essential in forming the so-called Z ring, a contractile structure at the division
site of the dividing cell (Liao et al. 2021; Wang and Lutkenhaus 1996; Bernander and Ettema 2010).
FtsZ1 is among the first molecules to assemble at the division site, and among the most conserved
cell division protein in bacteria (de Boer et al., 1992). This tubulin-like protein, is localized on the
site where the division constriction starts, and has been found in Haloferax volcanii, indicating is
conserved also in Archaea (Wang and Lutkenhaus 1996). de Boer et al. (1992) found that the protein
FtsZ specifically binds and hydrolyses GTP, therefore the bond between FtsZ and GTP is necessary
to enable the cell division. The results of the same study showed that it is the cellular concentration
of FtsZ that regulated the frequency of division, and not the GTP concentration. In fact, FtsZ is also
a target for several division inhibitors (de Boer et al., 1992, and references therein). This can explain

its down-regulation during the 42 days entombed in halite; in order to reduce the rate of cellular
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division, the down-regulation of the FtsZ1, one of the first molecule to assemble at the division site,
and most importantly, specifically binds GTP, is a very effective and efficient way to modulate the
rate of cellular division and avoid unnecessary utilisation of high-energy molecules like GTP.
Additionally, Liao et al. (2021) found that in Haloferax volcanii cell division cannot be performed
properly without the interaction of the two proteins FtsZ1 and FtsZ2, therefore a down-regulation of
FtsZ1 impacts the interaction with FtsZ2, affects the rate of cellular division, and avoids unnecessary
GTP expenses. The protein FtsZ2 was also detected, however its difference in relative abundance was
not significant. One explanation for this might be that, since it is FtsZ1 the protein binding GTP, Hbt.
salinarum NRC-1 might actively modulate its relative abundance, and indirectly, avoid GTP usage.
The significantly lower abundance of the protein DNA-directed RNA polymerase subunit A and on
the Translation initiation factor 11B 7, add to the hypothesis that the cell division rate might be slowed

down, as these proteins are among the essential proteins involved in transcription.

4.5 Conclusions

The set-up of this experiment allowed us to use proteomics analysis as a window of the
metabolic activities of Halobacterium salinarum NRC-1 when entombed inside fluid inclusions of
halite (Figure 4.20 right).

There were limitations in this experiment, these relate to the low biomass retrieved from the lab-made
halite crystals and the contamination by Natrinema sp.; for these reasons, the results in this
experiment should be considered as indications of the modifications happening in the proteome of
the analysed species, and they should be confirmed in the future. Some findings are very clear, e.g.
reduced activity whereas others need further proteomic analysis and further testing by other means.
Based on the results and limitations of this experiment, I carried out another experiment, where also
additional questions were asked (Chapter 5). Nevertheless, these results provide new insights into the
ability of this species to modulate its physiology, and can be used to understand what lies at the base

of their longevity.
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Figure 4.20. (Left) Halite crystal with red colouration in the middle due to high abundance of cells of Halobacterium

salinarum NRC-1. It is also possible to clearly distinguish the primary fluid inclusions banding in chevron halite, as

previously described by Benison and Goldstein (1999). (Right) Scheme representing a fluid inclusion with the set-up of

this experiment, where cells of Halobacterium salinarum were entombed in fluid inclusions of lab-made halite, after all

the nutrients and leftovers from the growing media were washed away.

Table 4.2. List of the findings of this experiment discussed in this chapter. The listed proteins are all statistically

differentially expressed (p-value: < 0.05). The comparison is between the first time point (T-0) and the last

time point (T-2). This comparison was chosen in order to understand the changes happening between optimum

growth conditions and 42 days inside fluid inclusions of lab-made halite crystals.

Protein (s)

Relative abundance in T-2
compared to T-0

Function

Ribosomal proteins (20)

Ribosomal protein L13

Translation initiation factor 2
subunit gamma

Peptide chain release factor
subunit 1

Ornithine transcarbamoylase;
Carbamate kinase

Arginine tRNA ligase

Lower

Higher

Lower

Lower

Higher

Lower

Stability and functionality of the ribosome

Probable regulatory protein for translation

Binds GTP, togheter with other two subunits, it is
responsible for the initation of the translation

Codon-specific release factor, involved in the
termination of the translation using ATP

Involved in the fermentation of the arginine, a
pathway that produces energy

Involved in the biosynthesis of new proteins
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Putative DMSO sulfoxide

Higher Alternative terminal electron acceptor
reductase

Essential cell division protein, also involved in the

Cell division protein FtsZ1 Lower shape of the cell, binds GTP

DNA-directed RNA polymerase Essential protein for the correct assemblage of the

Lower

subunit A RNA polymerase
Transcription initiation Essential transcription factor involved in the
Lower L
factor 1IB 7 initiation step

Translation and protein biosynthesis are essential for cell growth and division, however, the synthesis
of proteins true to the information present on the mRNA requires energy. Many reactions require
high-energy phosphate groups; at the initiation step, the subunit gamma of the translation initiation
factor 2 (alF2) consume one GTP for every new protein (Schmitt et al. 2020), for each aminoacyl-
tRNA there is the consumption of two high-energy phosphate groups, during the elongation step,
there is GTP consumption for the formation of each peptide bond of a newly-synthetising protein,
and ATP is consumed every time an amino acid is incorrect (David and Cox, 2017), at the termination
step there is also consumption of ATP, to release the protein and dissociate the ribosome. If we
consider the error rate of the ribosome, the estimates in prokaryotes are 10%, compared to the 10% of
the DNA polymerase (Ninio 1991). The results in this experiment highlight the possibility that
translation happens with the regulation of specific proteins and enzymes, ensuring a cascade effect,
that eventually results in efficient energy utilization, maintenance of cellular functions, and possibly,

long-term survival (summarized in Figure 4.21).
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Figure 4.21. Model summarizing the initiation step of the translation. The 30S subunit of the ribosome, together with the
first tRNA attached to alF2, scans the mRNA until the start codon is found, subsequently, the ribosome sits such that the
P site is located on the start codon, thanks to the base-pairing with the tRNA anticodon (1A) alF1 and alF1A participate
in accuracy of start codon selection. When the codon and anticodon are paired, GTP-bound to alF2 is hydrolysed
irreversibly. The protein alF2-GDP subsequently dissociates from the initiator tRNA and from the ribosome. The protein
alF2B, although not clear, might be a guanine nucleotide exchange factor, that will recycle alF2 and alF1 (1B). The
initiation factor alF5B is recruited to facilitate joining of the large ribosomal subunit (2). After the 60S ribosomal subunit
joins, a reaction is catalysed by elF5B, alF1A and alF5B are released and the elongation step begins (3). Modified from
(Schmitt et al., 2020). The ribosomal proteins highlighted in the ribosome were detected in this experiment, and with the

exception of L13, they were all found to be significantly down-regulated. This figure was created in BioRender.

The hypothesis that NRC-1 is actively modulating its metabolic activities, is also supported by the
modulation of the relative abundance of proteins binding high energy compounds, namely ATP and
GTP. This might indicate that an adaptation to avoid unnecessary use of energy exists.

Liao and colleagues (2021) found that low abundance of the protein FtsZ1 correlates with a slow
growth rate in Haloferax volcanii. The same study also reported that FtsZ1 influences the cell shape,
which might be involved in the phenomenon observed by Winters and colleagues of size reductions

and shape transitions from rods to cocci when cells of Halobacterium salinarum were starved
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(Winters et al., 2015). This, from an ecological perspective, is an advantage, as the conversion from
rods to cocci and a decreased cell size allow a greater surface to volume ratio that optimize the
functionality of intracellular communication, and also, the intake of nutrients when these are very low
in concentration. The regulation of this protein can be among the physiological modification, finely

regulated, that are at the base of the longevity of Haloarchaea.

From a metabolic perspective, the modulation of enzymes involved in the arginine deiminase pathway
(ADI), and the higher abundance of the DMSO reductase in T-2, indicate a possible need for an
alternative metabolic pathway to produce energy (in the case of ADI), and the need of an alternative
electron acceptor (DMSO reductase).

The lag observed by Miiller and DasSarma (2005) in the growth rate in cells of Halobacterium
salinarum moved from aerobic to anaerobic conditions, can also explain why not all the cells are able
to rapidly adapt to the limiting availability of oxygen. This lag phase is therefore a crucial step that
might be at the basis of which cells among the entire population is able to survive in the fluid
inclusions of halite. The DM SO reductase might be preferred to the nitrate reductase (same family of
reductases (Miralles-Robledillo ef al. 2019), as its synthesis requires less energy, which might be
preferred in nutrient-depleted conditions.

In the case of the Arginine tRNA ligase, the available data is not sufficient to understand if the activity
(or affinity) of this enzyme is influenced by the enzymes involved in the fermentation of arginine, but
it is not possible to exclude a connection, direct or indirect.

In a possible scenario, the lack of energy affects the tRNA charging, as for each amino acid charged
on the tRNA there is the consumption of ATP. The unsuccessful charging of the Arginine on the tRNA
might bring to an intracellular accumulation of arginine, which in turn can be sequestered by the
Arginine deiminase, activating the arginine fermentation pathway.

As the aim of this experiment was to mimic the conditions of deposited layers of ancient halite,
alternative ways possessed by Haloarchaea to produce energy using the sunlight were not
investigated.

In conclusions, the results in this experiment represent, to the best of my knowledge, the first
indication of the existence of intrinsic abilities of Halobacterium salinarum to actively respond to the
fluid inclusion microenvironment; abilities that might explain how they are able to survive over
geological time scale, in a nutrient-depleted, oxygen-depleted, high ionic strength, closed system.
Lastly, this study can be part of the effort to understand the limit of life on Earth, as the Haloarchaea

are living not only at the extreme of salt, but also of time.
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Chapter 5: Investigation into the microbial communities associated with Dead-

Sea halite

Abstract

The Dead Sea with its constant precipitation of halite, extreme salinity, bitter brines, and radiation
fluxes, presents fascinating challenges to the life inhabiting its waters. Previous studies have showed
that a variety of extremely halophilic microorganisms is adapted to survive here, especially from the
domain of Archaea. Reduced inflow has led to a drop in water level by about 1 metre per year,
resulting in halite precipitation and the formation of well-dated halite layers, deposited in the past
four decades. We asked whether amplifiable DNA could be extracted from the Dead Sea halite and
whether different forms and ages of halite housed different microbes. To this end, we collected
samples of halite from different layers, samples of mud and water. Preliminary results show that
archaeal and occasionally bacterial 16S rRNA genes were amplified from these halite crystals and
water samples. The archaeal MSBL1 Candidate Division was found preferentially in bottom-growth
halite, whereas species from the genus Halorhabdus were preferentially found in cumulate halite.
These two different halite structures result from different environmental conditions at the time of
precipitation. This preliminary analysis may open to the possibility that entombed microbes may
reflect depositional settings of salt giants. The findings of this study may have implications about the

survival of life on Earth and opens the possibility of life elsewhere.
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5.1 Introduction

The Dead Sea was formed along the left-lateral transform boundary between the Arabian and Sinai
plates. The transform motion together with the pull-apart started at about 15 million years ago. During
the lengthening process the crust under the basin was stretched and thinned, which caused its
subsidence due to normal faulting. The basin formation was also accompanied by uplifting of > 1
km (Garfunkel and Ben-Avraham 1996). It is the only deep hypersaline lake on Earth; due to its
geology, hydrology and chemistry. It represents an open-air laboratory to study the architecture of
salt giants of Earth. The Dead Sea waters are characterized by brines highly concentrated in Mg?* and
Ca?* cations (1.8 and 0.4 M, respectively), relatively low pH (5.95 — 6.56), saturated levels of NaCl,
and the deposition of halite is constant throughout the year (Bodaker et al. 2009). The precipitation
of halite presents differences in winter and in summer: Sirota et al. (2021) provided a description of
the differences between halite precipitated in the two seasons. During summer, halite is dissolved at
the shallow part of the basin, as bottom-growth halite, whereas during winter, halite precipitates both
at the shallow part and at the bottom of the basin, as cumulate halite (Sirota et al., 2017).

The hypersalinity of the lake interferes with measurements of trace metals and nutrients, resulting in
inconsistent measurements; nevertheless, it has been reported that the phosphate concentrations are
relatively low, sulphate and inorganic carbon concentrations are caused to precipitate by the high
Ca?* concentrations, and the O is limited (Oren 1988, and references therein). From a geological
perspective, the Dead Sea is a prime target to study salt giants, as its sediment record span thousands
of years of climatic variations (Torfstein et al. 2009). In the last four decades, the Dead Sea water
level has decreased constantly, with a rate of about 1 m per year, leading to halite precipitation and
exposing layers of deposited halite, as well as creating regression terraces along the coast. In 2020
the lake level was at 434 m below sea level (Israel Hydrological Service, 2020), and its maximum
depth was about 290 m. These dramatic changes are caused by anthropogenic pressures: the important
decrease in runoff (in particular from the Jordan River) and the use of Dead Sea water brought,
concomitantly with other factors, to a drop in sea level as high as 1m/year, a mean annual rainfall
level of 50 mm and potential evaporation rate of 1.1-1.2 m/year (Lensky et al. 2005). From the 1980s,
halite has been constantly precipitating at the bottom of the Dead Sea, as well as along the coast,
which has influenced the water column conditions, creating a unique scenario that can be used to
understand the formation of salt giants. The constant precipitation of halite is leaving behind harsh
brines, making the Dead Sea a hypersaline chloride lake (Oren 1988), with salt concentration reaching

extremely high levels (348 g/L (Oren and Gunde-Cimerman 2012)). These extreme conditions is the
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reason why there is little growth of microorganisms and even the most adapted are found in low
concentration (<10* cell-mI* (lonescu et al. 2012)). Systematic monitoring since 1980 has shown
that microbial blooms do occur, however the right conditions are met only after major rain events.
Since the monitoring started, two high-density microbial blooms have been documented, one in the
1980 and another one in 1992. In 1992, the upper part of the water column was highly diluted,
supporting a microbial cell density of 3.5-107 cells/ml (Oren and Gurevich 1995). On that occasion,
the Chlorophyte, Dunaliella salina bloomed for the last recorded time, until disappearing entirely
from 1996 onwards. Since then, the number of microbes never exceeded 5-10° cells/ml (Bodaker et
al. 2010).

5.1.1 Stratigraphy of halite section in Ein Gedi, Dead Sea

Before the 1980s, the Dead Sea waters were stratified, resulting in meromictic conditions (non-mixing
layers) that defined a stable diluted epilimnion (upper part of the water column) (Neev and Emery
1967). However, due to the negative water balance from after the 1980s, it become a holomictic lake
(mixed layers), with summer stratification and a warm and salty stable epilimnion (depth of
thermocline ca 25 m), and mixing layers of the water column during winter (Arnon et al., 2016). As
a result, the deposition rates of halite, though constant, vary with season. During summer halite
dissolves, and the highest halite precipitation rates happen during winter. Although this may sound
counterintuitive, this behaviour can be explained by the phenomenon of Double Diffusion (DD) salt
fingering, which creates a unique asymmetry in the deep hypersaline lake (Arnon et al., 2016).
Briefly, DD salt fingering is a buoyancy-driven flow with fluid density depending on two scalar
components, temperature, and salinity. The density of the water depends linearly on both temperature
and salinity; in the Dead Sea, the upper layer has higher temperature and salinity than the lower layer
(Yang et al., 2016). This results in a clear stratification between the epilimnion and hypolimnion
(Figure 5.1). The warm temperature of the summer stabilizes the stratification, as the warmer water
tends to float above colder water. However, due to the high evaporation, the warmer upper layer is
also saltier than the lower layer, and therefore heavier. These conditions are needed in order for the
DD salt fingering to occur. This creates the unique asymmetry of the DD salt fingering represented
in Figure 5.1. It has been suggested by Arnon et al. (2016) that it is through the DD salt fingering
that the salt is transferred to the bottom, and not the salt precipitation alone, although more

observations are needed to confirm this hypothesis. Nevertheless, this phenomenon might be the
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explanation why the higher rates of halite precipitation occur during winter and can also explain the
formation of bottom growth halite and cumulate halite precipitation. Evaporation at the upper part of
the water column sets in motion, intricately coupled mechanisms involving the diffusive and
convective transport of heat and dissolved salt, driving halite deposition on the basin floor (Sirota et
al. 2020).

\ 4

Time

Figure 5.1. Dynamics of the Double Diffusion salt fingering (adapted from Yang et al. (2016)). The upper part in orange
represents the warmer and saltier epilimnion, the lower part in blue represents the colder and less salty hypolimnion. The
salt fingers keep the same horizontal locations for a very long time. The temperature and salinity distributions are the

factors creating this asymmetry, that eventually influences the precipitation of halite (Sirota et al., 2017).

Understanding how salts precipitate in deep salt lakes, like the Dead Sea, can aid the interpretation
of ancient halite deposition better than shallow salterns, as the models used in the past were built on
shallow hypersaline environments. The Dead Sea, being a deep hypersaline lake, makes a better
analogue for halite sequence analysis. This premise is important to understand the stratigraphy of the
modern halite section present in Ein Gedi, proposed as a model to study the formation of thick halite
sequences, extensively studied by Sirota et al. (2016, 2017).

The analysed sequence is composed of alternating bottom growth-cumulate halite annual couplets,
where the cumulate are formed during winter and the bottom growth during summer, conglomerates
and mud layers deposited from suspensions caused by flash flood events (Figure 5.2) (Sirota et al.
2021). The terminology that refers to halite crystals morphology, follows the same used by Sirota et
al. (2017).
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Figure 5.2. (A) Modern halite section situated in Ein Gedi formed from the negative water balance of the last four decades
in the Dead Sea. (B to G) Details of the different units according to sedimentological characteristics that change along
the section. The base was deposited until 1982, Unit 1 up to 3 were deposited until 1992. Units 4 and 5 correspond to
halite precipitated from 2003 to 2016. Taken and modified from Sirota et al. (2021).

5.1.2 Diversity of microorganisms inhabiting the Dead Sea waters

The extreme chemical composition of the present-day Dead Sea water is the primary factor
contributing to the low biomass found in its water; with brines characterized by 1.8 M of Mg?* and
0.4 M of Ca?*, the microbial cell number is <10* cell mL* (lonescu et al. 2012). Additionally, the
concentration of nutrients is also a limiting factor, and analysis to determine real concentrations is
often difficult as the extreme salt concentrations interfere with the measurements, especially when

these measurements are done during changing conditions (e.g. rainy events, high evaporation rates)
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(Oren 1988). It is assumed that most organisms living in the Dead Sea waters are adapted to tolerate
these conditions. From a geological perspective, the extreme conditions in the present-day Dead Sea
have settled only in recent times. In fact, it has been reported the presence of diatoms and anaerobic
bacteria involved in the carbon and sulphur cycle in its old sediment (Bartov et al. 2002; Thomas et
al., 2014; Torfstein et al., 2005), suggesting that in the past, humid periods sustained more diversity,
characterized by a different composition of the water column. There are very few records of
measurements of microorganisms before 1979, when the lake was meromictic with an anaerobic
hypolimnion. Some of them included microscopic counts of Dunaliella and prokaryotes measured in
the period between 1963 and 1965 (Kaplan and Friedmann, 1970). Oren (2010) characterized the
microbial community in the Dead Sea and compared the results with the metagenome of microbial
bloom material recovered in 1992. The results of his study suggested that the microbial communities
(detected by 16S rRNA gene surveys) are dynamic, and phylotypes related to the genera
Halorhabdus, Haloplanus, Natronomonas and others, that compared with the very homogeneous
cluster related to Halobacterium salinarum found in the material collected in 1992, suggested that
the microbial composition of the Dead Sea water at the time of the study was dynamic, and exhibited
important shifts in species composition. In the same study species of Halorhabdus were also
recovered. Bodaker et al. (2010) performed a metagenomic study to characterize the perennial
microbial community of the Dead Sea, comparing microbial DNA from Dead Sea brine (2007) and
the last Dead-Sea bloom in 1992. Similar to what Oren (2010) concluded, Bodaker et al. (2010)
found that the microbial community in the 1992 bloom was less diverse than that from the in the 2007
sample. In the 2007 sample, they found species related to the genera Halorhabdus, Halorubrum,
Halobacterium, Natronomonas and others, while in the microbial material from the bloom, the
majority was composed by Halobacterium species (Bodaker et al. 2010).

Thomas et al. (2015) analysed how the diversity present in the sediments with different depositional
conditions changes through time. The core was 456 m long, and they subsampled intervals
representing specific periods of lake sedimentation. They compared the diversity from the core
samples with those of a microbial mat from the shore of the present Dead Sea, as a reference of an
active sedimentary microbial community. They found that the subsurface microbial diversity was
largely composed by the Euryarchaeota phylum, with the Halobacteriaceae that were ubiquitous. In
line with previous mentioned studies, Bacteria were scarce. The diversity analysed in the subsurface
aragonite sample showed a high abundance of the archaeal MSBL1 and bacterial KB1 candidate
divisions. In gypsum samples the most retrieved species were from the family Halobacteriaceae. The
study concluded that different biological conditions in the water column influenced the microbial

diversity, as aragonite and gypsum have different depositional conditions, respectively, one
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precipitates during humid periods and stratified lake while the other result from a holomictic lake
(Thomas et al., 2015). In agreement with this conclusion, another study published by Thomas et al.
(2014), where they showed that distinct communities of Archaea are associated with two different
sedimentary facies of the Dead Sea, namely gypsum and aragonite. In aragonite samples, the
abundance of MSBL1 lead to the hypothesis that methanogenesis could occur in the Dead Sea,
whereas in gypsum, 95% of the taxonomically identifiable Archaea were members of the class
Halobacteria (Thomas et al., 2014).

5.1.3 Aim of the study

In recent years Sirota, Lensky and colleagues have investigated the stratigraphy of a well-dated
modern halite section, deposited in the past four decades (Sirota et al. 2021). The diversity of the
layers is the direct result of different hydrological conditions resulting from the negative water
balance and the geology of the basin, that being a deep hypersaline lake, presents unique phenomena.
In this study we asked whether the microbial communities trapped in deposited layers of halite reflect:
1) the environmental conditions of the Dead Sea at the time of deposition and 2) a specific diversity

associated with different layers of deposited halite.

To this end, we collected samples of halite, water and mud and the DNA was extracted for a 16S
rRNA survey analysis. The water samples serve as a reference of microbial diversity living in the

current chemistry of the basin.

5.2 Methodology

5.2.1 Samples and sampling sites

Halite was sampled at the end of November 2021 along the modern well-dated halite outcrop situated

at the western Dead Sea coast, in Ein Gedi (Figure 5.3; 5.4), and its sedimentology and stratigraphy
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is described in Sirota et al. (2021). Specific care was taken to avoid any external or cross-
contamination as detailed later. Halite samples were preserved in sterile plastic bags and kept at room
temperature until arrival in the laboratory. The mud samples were collected from the bottom part of
the halite section. Samples were then handled in a clean laboratory using sterile tools. Based on the
stratigraphic description published in Sirota et al. (2021), samples of halite were collected from the
different ages and sample types (Figure 5.4). The oldest samples (A) correspond to the onset of
modern halite deposition and the holomictic phase, commenced in 1982. The second oldest samples
(E and F) were taken from the base of the sequence that is composed of alternating bottom
growth/cumulate halite annual couplets, deposited during holomictic conditions. The white layer E
represents cumulate halite and the brown layer F represents bottom growth halite and trapped clay
etc. In 1992, in meromictic conditions, it was recorded the last bloom of Dunaliella salina; halite
samples were collected from this layer too. Lastly, bottom growth/cumulate annual couplets deposited
in holomictic conditions: in particular, bottom growth halite deposited in 2002 (D) represent the last
layer of the Unit 3 (Figure 5.4), characterized by couplets of cumulate and bottom growth layers,
whereas the cumulate halite deposited 2003 (C) were also collected and represented the base of Unit
4 (Figure 5.4), where in addition to cumulate layers including bottom growth laminae, thin mud layers
are also present. Water samples were collected on the surface (top 4 cm) near the shore, except for
the water sample collected in Einot Tzukim, where the brine surface sample was taken at buoy. During
the days before the sampling, rain events caused the upper part of the basin to be diluted.
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Figure 5.3. Geological map of the study area (Modified from: Sneh et al.,1998). The sampling sites (indicated by blue

triangles) for halite and mud samples was Ein Gedi, whereas samples of water were collected in Ze’elim, Ein Gedi, Einot

Tzukim and Og.
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Year of

Sample deposition Details
2003 Cumulate halite
2002 Bottom growth halite
1987 Cumulate halite
1987 Bottom growth halite

Figure 5.4. Halite section in Ein Gedi where the halite samples were taken. Halite section photograph and description of it
was taken from Sirota et al (2021). As described in Sirota et al (2021), the entire modern halite sequence at the Ein Gedi
area was deposited following the level decline of the past 40 years. The base represents the onset of halite deposition. Unit
1 is composed of alternations between bottom-growth and cumulate halite layers. Unit 3 is composed of alternations
between cumulate and thinned bottom growth layers. Unit 4 is composed of cumulate layers; in this unit, thin non-

continuous bottom growth halite and mud layers are randomly distributed along the unit.
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5.2.2 Halite sampling

Halite samples from the Ein Gedi section (Figure 5.3) were collected on the 22" of November 2021
at six different heights. In order to prevent contamination, halite samples were collected using sterile
forceps, sterile spatulas and disinfected gloves. Specifically, the bottom growth halite crystals were
collected utilizing sterile forceps, and at the bottom of the section, big halite crystals were picked by
hand wearing disinfected gloves and stored in sterile plastic bags. For the cumulate halite crystals,
these were scratched from the section with sterile spatulas and then collected in sterile plastic bags
placed underneath the sampling point. The samples were kept at room temperature during the
transportation to the laboratory at the University of Essex (UK). In the laboratory, the samples were

stored at room temperature in boxes until use.

5.2.3 Halite surface sterilization

The protocol used for the surface-sterilisation of halite crystals was optimized by and published in
Gramain et al. (2011). Halite crystals were weighed in falcon tubes on a sterile bench and scale, and
their mass measured. The crystals were then submerged in 6% sodium hypochlorite for 20 min,
soaked for 5 min saturated NaCl, and then. After the removal of the saturated NaCl, the samples were
submerged in 10 M NaOH for 5 min, then washed twice with saturated NaCl for a total of 5 min.
After the saturated NaCl was discarded, the crystals were submerged in 10.53 M of HCI for 20 min,
followed by a wash with saturated Na,COs/NaCl for 20 min. Finally, the crystals were washed twice
in saturated NaCl for 5 min. From the last wash with saturated NaCl, 100 pl was poured onto agar
plates, as well as liquid growth media (modified 20% NaCl Payne) in order to confirm the successful
surface-sterilisation. This procedure was used to surface sterilise only intact and big halite crystals
(e.g., bottom growth halite). Fragile and powdery crystals (e.g., cumulate halite) were not surface
sterilised in order to prevent dissolution. Controls were included at this stage: lab-made halite crystals
precipitated from sterile brine in the lab were also surface-sterilised.

5.2.4 Halite dissolution and filtration

The surface-sterilised crystals, as well as the non-surface-sterilised crystals, were placed into 25 ml
of 10% NacCl to start the dissolution. The falcon tubes with the dissolving crystals were placed on a
shaker at 50 rpm in order to mix the sample and speed up the dissolution. Every 15 minutes 1 ml of
sterile MilliQ water was added until complete dissolution. The filtering units were assembled using
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SWINNEX 47-mm filter holder (Millipore) onto which membrane filters of 0.1 um pore size
(Millipore) were placed. The dissolved halite was collected with a sterile syringe and filtered through
the filtration units. In this step, negative controls were added, respectively, laboratory-made halite
without microbial entombment, surface-sterilised laboratory-made halite without microbial
entombent (produced as described in Chapter 2) and 10% NaCl solution used to dissolve the surface-

sterilised crystals.

5.2.5 DNA extraction from halite samples

The DNA was extracted from filtered cells from the halite samples following the procedure published
by Griffith and colleagues (2001). Briefly, the dissolved halite were poured into a 2ml bead-beating
tube containing glass beads, where it was added 0.5 ml of 5% CTAB/Phosphate buffer (120 mM pH
8) and 0.5 ml of Phenol:Chloroform:Isoamyl alcohol (25:24:1) (pH 8). The bead-beating tubes were
then placed in the bead beater (Precellys Evolution (Bertin), USA), and run for 30 seconds twice
(with a break of 10 seconds) at 2000 rpm. The tubes were then cooled on ice and placed in a centrifuge
for five minutes at maximum speed (10,000 x g). Subsequently, 450 ul of the upper layer was
transferred into a sterile microfuge tube with 1 ml of 30% PEG 6000/1.6 M NaCl to the DNA-
containing layer, inverted a few times and left, with lids closed, at room temperature overnight. The
following day, the tubes were centrifuged for five minutes at maximum speed, and the DNA pellet
was washed with 1ml of 70% v/v ice cold ethanol and centrifuged again. The resulting pellet was left
in a sterile cabinet to dry for 20 minutes, subsequently rehydrated with 50 ul of sterile deionised
water. The three negative controls described in the previous section (5.2.4) were also included in the

DNA extraction procedure, and subsequently tested via PCR as controls.

5.2.6 Water sampling

Water samples from the Dead Sea were collected between the 22" and the 24" of November 2021 at
three different sites (Figure 5.4). All samples were collected on the shore, except the one collected in
Einot Tzukim, that was collected from a buoy, at about 1 km from the shore. The samples were
collected using sterile equipment (gloves, syringe, plastic bottles). The water was filtered in the field
using Sterivex filters (SUPPLIER) with 0.22 um pore size. Two ml of Longmire buffer was added to

the Sterivex filters, which were then sealed (Longmire et al. 1997) (Table S5.1). Filters were stored
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at 4°C and transported at room temperature (1 day) and then stored again at 4°C the laboratory at the

University of Essex (UK).

5.2.7 DNA extraction from water samples

The volume of 2 ml of Longmire buffer present in the Sterivex was removed with a syringe and
placed in 2ml Eppendorf and preserved. The DNA was extracted from Sterivex using the DNeasy®
PowerWater® Sterivex™ Kit (Qiagen) following the manufacturer’s protocol. The Longmire buffer
was preserved in order to check whether DNA was also present. The rationale behind that was related
to the possibility that halophilic cells might have lysed due to osmotic stress in the Longmire buffer.
In this case, the DNA was extracted following the protocol described in Griffith et al. (2001), and
the DNA amplified.

5.2.8 PCR amplification

The archaeal 16S rRNA gene and the bacterial 16S rRNA gene were targeted for amplification from
each DNA extract, respectively, using the universal primers 344F and 915F, 27F and 1492R. For
sequencing at Novogenes (Cambridge UK) prokaryotic primers 515F and 806R (Caporaso et al.,
2010) were used (Table 5.1). The polymerase chain reaction was performed using 2.5 pl of template
DNA, 1 ul of each primer, 12.5 ul of appTag RedMix (2x) DNA polymerase (Appleton Woods Ltd),
8 ul of PCR-grade water, for a final volume of 25 pl. Negative controls described in section 6.2.4
were included in this step, as well as a PCR-negative control of 2.5 pl PCR-grade water as a template.
DNA extracts that had previously amplified using the same primers were included in the PCR reaction
as positive controls. To amplify the archaeal 16S rRNA gene, thermocycling conditions were 94° C
for 3 min followed by 36 cycles of 94 °C for 15 sec, 60 °C for 15 sec, 72 °C for 15 sec then 72 °C for
5 min and 4 °C on hold. To amplify the bacterial 16S rRNA gene, thermocycling conditions were 94°
C for 3 min followed by 36 cycles of 94 °C for 15 sec, 56 °C for 15 sec, 72 °C for 22 sec then 72 °C
for 5 min and 4 °C on hold. The amplified PCR products were visualised by agarose gel
electrophoresis (1% wi/v), stained with ethidium bromide for 20 minutes, de-stained in water for 5
minutes and viewed on a Gel Doc™ EZ gel documentation system (Bio-Rad). Samples with
amplification, indicated by the presence of a band a band of the correct size, were selected for
sequencing.
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Table 5.1 Primers used for PCR amplification and Illumina MiSeq metagenetic sequencing.

Target gene/region Primer Sequence (5'-3") Method
344F ACGGGGYGCAGCAGGCGCGA
16S rRNA (Archaea) PCR
915R GTGCTCCCCCGCCAATICCT
27F AGAGTTTGATCCTGGCTCAG
16S rRNA (Bacteria) PCR
1492R CGGTTACCTIGTTACGACTT
16S rRNA (Archaea and >15F GTGCCAGCMGCCGCGGTAA Mumina
Bacteria) 806R GGACTACHVGGGTWTCTAAT

5.2.9 Sequencing and bioinformatic analysis

The 36 samples that amplified in the PCR were sent to Novogene (Cambridge) for sequencing of the
16S rRNA gene using prokaryotic primers 515F and 806R. In order to check for cross-contamination,
three controls were sent, respectively, a negative control for surface-sterilised lab-made halite, a
negative control for lab-made halite and a negative control for the 10% NaCl salt solution used to
dissolve the surface-sterilised halite samples. At Novogene, the DNA samples that passed the quality
control were used for amplicon sequencing (30k raw tags and p.e. 250). The raw data obtained by
sequencing were cleaned by splicing and filtering by Novogenes. The cleaned data were filtered out
using DADAZ2 to obtain the final ASVs (Amplicon Sequence Variants). By applying QIIME2's
classify-sklearn algorithm (Bokulich et al. 2018; Bolyen et al. 2019), a pre-trained Naive Bayes
classifier is used for species annotation of each ASV. The representative sequence of each ASV was
annotated to obtain the corresponding species information and abundance distribution. The initial
analysis was as follows: the raw ASV data were sorted so that ASVs with most reads were at the top.
ASVs with any reads in the archaeal and bacterial PCR positive controls, as well as in the freshwater
river sample, were removed. The remaining sequences were therefore less likely to be contaminants.
At this step, ASV sequences with less than 200 base pairs (bp) were removed. In order to have a
balance between sufficient coverage in each sample and enough samples to do statistical analysis,

samples with less than 350 reads were also removed. Differences in read number between samples
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was accounted for by normalization of reads to total reads (where total reads varied from 366 and
18767). As a result of the criteria used, the final data set included a total of 18 samples and 145 ASVs
of the top 300 ASVs. Reads values were then converted in percentages. The taxonomic assignments
were manually curated using Blast, under the scrutiny of Terry McGenity; where the genus was not
possible to assign (low confidence score), the highest taxonomy level, with a higher confidence score,
was assigned. Taxa were subsequently grouped, focussing on Archaea, by matching the taxonomic
level.

5.3 Results

5.3.1 Amplification 16S rRNA genes for detection of archaeal and bacterial DNA

The presence of DNA extracted from the different samples was tested with PCR. Using archaeal
primers, DNA was amplified from water samples and halite crystals decades old, including those that
were surface sterilised (Figure 5.5 and 5.6). Crucially, there was no amplification in the process-
negative controls that represent lab-made halite, including surface sterilised, and saturated solution
of NaCl used to dissolve halite crystals (respectively, X1, X2 and X3 in Figure 5.6). With the bacterial
primers, DNA was amplified from water samples and halite crystals decades old, including those that
were surface sterilised (Figure 5.5 and 5.6).

S L
ET.Ra ET.R EG.R ET.D ET.Ra ET.R EG.R ET.D A+ B+

th s .

M S L
. ET.Ra2 ZE.D OG.D EG.D ET.Ra2 ZE.D OG.D EG.D A+ B+ =
1500—

1000— 8
500—0 8 . “

Figure 5.5. PCR amplification of the 16S rRNA gene from water samples using archaeal primers 344F and 915R. The

molecular marker (M) is on the left side, showing the different bands. Numbers on the side indicate base pairs (bp). The
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first four samples (S) in both gels are samples of extracted DNA using the DNeasy® PowerWater® Sterivex™ Kit
(Qiagen). The next four samples (L) in both gels are samples of extracted DNA from Longmire buffer, using the protocol
by Griffith et al. (2001). There are two positive controls, respectively for Archaea (A+) and Bacteria (B+). A negative

control is present on the last lane (-). For samples details see Table 5.2.

M

-
e A4S B5.S D2S F2.5

1500 - AlS A2S A3S Bl1S B2S B3S B4S D1S F1S AM1 AM2 AM3 X1 X2

1000— .

Figure 5.6. PCR amplification of the 16S rRNA gene using archaeal primers 344F and 915R. The molecular marker (M)
is on the left side, showing the different bands. Numbers on the side indicate base pairs (bp). The name of samples in
yellow indicates surface-sterilised halite crystals. Samples A.M1, A.M2 and A.M3 refer to DNA amplified from mud
samples. Samples C1, C2 and C3 refer to DNA amplified from the negative controls for the halite surface-sterilisation
described in section 6.2.4. There are positive controls for Archaea (A+) and Bacteria (B+). The DNA was extracted using

the protocol by Griffith et al. (2001). A negative control is present on the last lane (-). For samples details see Table 5.2.

5.3.2 Preliminary analysis

The removal of ASVs with any reads in the controls, and the removal of short sequences (less than
250 bp), left 145 quality ASV sequences. After the removal of samples with less than 350 reads, 18
samples remained for further analysis. The samples were grouped based on similar characteristics,
e.g., cumulate halite, bottom growth halite, bottom growth surface-sterilised halite, and one sample
from the Dead Sea water also remained. Analysis of these most abundant and quality controlled ASVs
showed that nearly all reads from the Dead Sea water were archaeal (Table 5.2). The samples that
contained the highest abundance of bacterial ASVs were the surface sterilised halite crystals
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precipitated in 1982, 1987 and 2002, whereas the non-surface sterilised crystals from 1982, 1987,
1992 and 2003 had higher abundance of archaeal ASVs (Table 5.2).

Table 5.2. Summary of the results. Suffixes of the sample code are: EG = Ein Gedi; (EG )A, B, C, D, F, E = different
layers of the halite section (see Fiure 6.4); S = surface sterile; X = controls; EG, ET, ZE, OG = location of water samples;

R = river plume; D = Dead Sea surface water.
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Description (year

PCR amplification

Criteria used in

e Sample code QcC e %9 Archaea %o Bacteris
of deposition) Arch Bac section 6.2.9
EG Al S yes yes passed passed 6.71 93.29
Surface sterilised
halite (1982) EG A2 S no no passed passed 5.43 94.57
EG A4 S yes no passed passed 82.84 17.16
EG B1 S yes no failed \ \ \
Surface sterilised EG B3 S yes yves passed passed 89.27 10.73
halite (1992) EG B4 S ves no failed \ \ \
EG B5 S yes no passed passed 6.12 93.88
Surface sterilised EG D1 S no no passed passed 7.74 92.26
bottom-growth
halite (2002) EG D2 S yes no passed passed 7.05 92.95
Surface sterilised
bottom-growth EG F1_S no no passed passed 7.33 92.67
halite (1987)
EG Al no no failed \ A \
EG A2 es es assed assed 83.38 16.62
Halite (1982) ~ Y 4 P P
EG A3 yes yes passed passed 81.26 18.74
EG A4 yes no passed \ \ \
EG B1 yes no passed passed 79.87 20.13
EG B2 ves no passed passed 69.25 30.75
Halite (1992) EG B3 yes no passed passed 39.84 60.16
EG B4 yes no failed \ \ \
EG BS5 yes no passed passed 99 1
Cumulate halite EG C1 ves yes passed passed 80.6 19.4
(2003) EG C2 yes no passed passed 87.82 12.8
Bottom-growth EG D1 yes no passed \ \ \
halite (2002) EG D2 yes no passed \ A \
Cumulate halite EG E2 yes no passed \ \ \
(1987) =
Bottom-growth
halite (1987) EG F1 no no passed passed 96.18 3.82
Mud collected at
the base of the EG A M3 no yes passed \ \ \
halite section in EG
Lab-made halite
*
surface sterilised X1 yes no passed \ \ \
L ab-made halite X2 no yes passed \*¥ \ \
Saturated NaCl X3 no no failed \ \ \
solution
ET RA yes no failed \ \ \
River plume ET R yes yes failed A A \
EG R no no passed \ \ \
ET D no no failed \ A \
Dead Sea surface ZE D ves no passed \ \ \
water oG D yes no passed passed 98.22 1.78
EG D yes no passed \ \ \
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5.3.3 Identification of Archaea in different sample types.

The Archaea in the Dead Sea water sample was dominated by the class of Halobacteria (> 98%)
including the family of Haloarculaceae, Halobacteriaceae and Haloferacaceae (Table 5.2). Very
few ASVs were identified at the genus level, thus indicating that there was a high abundance of
unknown Haloarchaea in the Dead Sea. Crystal types were grouped in three different groups,
respectively, cumulate, bottom-growth and surface sterilised bottom-growth. As reported in Table
5.2, in cumulate crystals precipitated in 2003, the majority of ASVs detected were archaeal,
respectively 80.6% and 87.82%, where Halobacteriales constituting 32.59% of ASVs detected; these
could not be classified below order level. Among the Halobacterales detected in cumulate halite
crystals, the most abundant genus were Halorhabdus (10.85%) and Halorussus (9.51%). The
bacterial ASVs detected in cumulate halite were represented by the class Bacilli (7.65%), whereby
the most abundant genus was Bacillus (4.37%), and the genus Geodermatophilus (3.55%) from the
class Actinobacteria.

In surface-sterile bottom-growth crystals precipitated in 1982, 1987 and 2002, the majority of ASVs
detected were bacterial, respectively 92.26%, 92.95% and 92.67%, represented by the order
Bacillales. Archaeal ASVs in these samples constituted a minor part, represented by species of the
order Halobacterales (71.51%), of which the most abundant genus were Halorhabdus and
Halorientalis, respectively 7.46% and 5.84%. On the contrary, bottom-growth crystals non surface
sterilised, the majority of ASVs detected was archaeal were the most abundant were species of the

class Halobacteria (17.71%); these could not be classified below order level.

Table 5.3. Archaea detected in water sample Dead Sea water and halite from samples: cumulate halite, bottom growth
surface-sterile and bottom growth non surface sterile. VValues represent mean percentages of all reads (both Bacteria and

Archaea). Standard error is reported for each group on the last three columns, and values are expressed as + SE. The
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number of samples per category is indicated. Where the genus level was not available, the level with the highest

confidence score was chosen (g = genus, f = family, o = order, ¢ = class, k = kingdom).
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bottom

Dead Sea cumulate growth  bottom
Taxonomy a1 n=2 surface- growth cSE bgSSs SE bgSE
sterile n=7
n=38

k_ Archaea 0.00 1.71 0.00 0.77 1.71 0.00 0.29
k_ Archaea;p_ Crenarchaeota:c_ Nitrososphaeria;o_ Nitrososphaerales:f Nitrososphaeraceae 0.00 0.15 0.00 0.19 0.15 0.00 0.19
k_ Archaea:p Nanohaloarchaeota:c_ Nanosalinia;o Nanosalinales;f Candidate Nanosalina 0.00 0.15 0.00 1.00 0.15 0.00 0.97
k  Archaea;p Thermoplasmatota;c  Thermoplasmata 0.00 0.00 0.68 0.04 0.00 0.37 0.04
k Archaea;p Hadarchaeota;c Hadarchaeia;o Hadarchaeia;f Hadarchaeales;g MSBL1 0.00 0.11 17.71 3.36 0.11 9.35 1.20
k__ Archaea;p_ Halobacterota:c_ Methanonatronarchaeia;o_ Methanonatronaechaeales:f Methanonatronarchaeaceae  0.00 0.46 0.28 1.52 0.08 0.17 0.35
k_ Archaea;p_ Halobacterota:c_ Halobacteria 64.29 5.19 0.59 18.13 1.64 0.55 7.40
k_ Archaea:p_ Halobacterota;c_ Halobacteria;o_Halobacterales 7.35 32.59 0.00 4.79 4.57 0.00 1.59
k_ Archaea:p  Halobacterota;c_ Halobacteria:o_ Halobacterales;f Haloarculaceae 2.49 8.52 0.01 3.43 0.32 0.01 1.08
k  Archaea;p Halobacterota;c Halobacteria;o  Halobacterales;f Haloarculaceae;g_ Haloglomus 0.00 0.69 0.00 0.43 0.13 0.00 0.37
k_ Archaea:p_ Halobacterota:c_ Halobacteria:o__Halobacterales;f Haloarculaceae:g_ Halomicrobium 0.00 4.42 0.02 2.39 4.42 0.02 0.86
k  Archaea;p Halobacterota;c Halobacteria;o  Halobacterales;f Haloarculaceae;g  Halorhabdus 3.32 10.85 0.16 7.46 2.38 0.15 0.94
k Archaea:p Halobacterota;c Halobacteria:o Halobacterales;f Haloarculaceae;g Halorientalis 0.00 0.84 0.25 4.84 0.84 0.22 0.90
k_ Archaea:p  Halobacterota;c_ Halobacteria;:o_ Halobacterales;f Halobacteriaceae 0.00 1.25 1.30 5.05 1.25 1.04 0.95
k Archaea;p Halobacterota;c Halobacteria;o Halobacterales;f Halobacteriaceae;g  Halanaeroarchaeum 0.00 0.00 0.02 0.74 0.00 0.02 0.48
k_ Archaea:p_ Halobacterota;c  Halobacteria:o  Halobacterales;f Halobacteriaceae;g Halobacterium 0.00 1.65 0.97 0.02 1.08 0.73 0.02
k__ Archaea;p_ Halobacterota:c_ Halobacteria:o_ Halobacterales:f Halobacteriaceae:g Halodesulfurarchaeum 0.00 0.06 0.04 1.14 0.06 0.03 0.40
k  Archaea;p Halobacterota;c Halobacteria;o  Halobacterales;f Halobacteriaceae;g Halomicrococcus 0.00 0.08 2.21 3.04 0.08 1.72 1.15
k_ Archaea:p_ Halobacterota:c_ Halobacteria:o__Halobacteriales:f Halobacteriaceae:g_ Halorussus 1.54 9.51 1.37 5.37 2.24 1.14 1.37
k_ Archaea;p Halobacterota;c Halobacteria;o  Halobacterales;f Halobacteriaceae;g  Salarchaeum 0.00 0.00 0.04 0.39 0.00 0.04 0.22
k_ Archaea:p_ Halobacterota;c Halobacteria:o _Halobacterales;f Halobacteriaceae;g_ Salinibaculum 4.98 1.17 0.00 0.97 1.17 0.00 0.53
k_ Archaea:p  Halobacterota;c_ Halobacteria;:o__Haloferacales 0.00 0.26 0.62 2.61 0.26 0.50 1.78
k_ Archaea;p_ Halobacterota:c_ Halobacteria:o_ Haloferacales:f Haloferacaceae 13.88 0.00 0.13 2.70 0.00 0.12 2.30
k_ Archaea:p_ Halobacterota;c_ Halobacteria:o_Haloferacales:f Haloferacaceae;g Halobellus 0.36 0.20 0.01 2.41 0.20 0.01 0.98
k Archaea;p Halobacterota;c Halobacteria;o  Haloferacales;:f Haloferacaceae;g Haloplanus 0.00 1.01 0.00 1.80 1.01 0.00 0.89
k Archaea:p Halobacterota;c Halobacteria:o Haloferacales;f Halorubraceae;g Halohasta 0.00 0.03 0.14 0.79 0.03 0.11 0.49
k_ Archaea:p_ Halobacterota;c  Halobacteria;o Haloferacales;f Halorubraceae;g  Halorubrmum 0.00 0.01 0.00 2.97 0.01 0.00 2.15
k Archaea;p Halobacterota;c Halobacteria;o Natrialbales;f Natrialbaceae;g  Salinarchaeum 0.00 3.29 0.00 0.06 0.80 0.00 0.04
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Figure 5.7. Distribution of 16S rRNA archaeal reads in Dead Sea water, cumulate halite (2 samples), bottom growth surface-sterile (8 samples) and bottom growth halite.

The

diversity is identified at the genus level. Where the genus level was not available, the level with the highest confidence score was chosen (g = genus, f = family, o = order, ¢ = class,

k = kingdom). The mean of replicates is plotted for each read (+ S.E.).
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5.4 Discussion

Based on the stratigraphic description published in Sirota et al. (2021), samples of halite were
collected from the halite sequence (Figure 5.8). The preliminary analysis on this study showed that
the microbial community detected in the water sample was largely dominated by the class of
Halobacteria (> 98%). Members of the class of Halobacteria are the rare inhabitants of the modern
Dead Sea, as a reflection of their successful “salt-in” osmotic adaptation. Bacterial community
members were very scarce, highlighting that their physiological adaptation is less suitable in this

environment.

Height Year of . Most abundand Most abundand
Sample deposition Details archaeal ASVs (SS) archaeal ASVs
g MSBLI1, g_Halorabdus,
Deep conditions _MSBLI, g_Halorientalis,
1982 - f Methanonatronarchaeaceae, f Haloarculaceae,
less salty water c_Thermoplasmata o_Halobacterales

g MSBLI1, g_Halorabdus,
g_Halorientalis,

& MSBL1, Halomicrococcus
1992 Last recorded g_Halomicrococcus, Hi7or1 issus, g_Hal abe;ll us.
~  Dunaliellabloom g_Halorussus, g L& 2

: g_Halorubrum,
f Halobaceriaceae o Halobacterales
g_Halorussus,
g_Salinarchaeum,
g_Halorabdus,
2003 Cumulate halite \ f Haloarculaceae,
o_Halobacterales,
c_Halobacteria

Bottom growth

2002 halite ¢ MSBL1 \
1987 Cumulate halite \ \
g_Halorabdus, g_Haloplaruis,
1087 Bottom growth ¢ MSBL1 f Haloarculaceae,
halite f_Halobacteriaceae,

f Haloferacaceae

Figure 5.8. Scheme showing the most abundant ASVs found in the different samples collected from the halite section in
the comparison between bottom-growth crystals and cumulate crystals. The halite section was taken from Sirota et al.
(2021) and used to reference the samples collected. (SS) indicates surface sterilised halite.

The microbial community detected in the bottom growth halite, both surface-sterilised and non, had
the highest abundance of the genus MSBL1 (17.71% in surface-sterilised halite, and 3.36% in the

rest). This genus was not detected in the water sample and constituted only 0.11% of the microbial



community detected in the cumulate halite. The candidate Division MSBL1 (Mediterranean Sea Brine
Lakes 1) is part of an abundant lineage found deep hypersaline anoxic basins (DHABS) in the
Mediterranean Sea, the Red Sea and the Gulf of Mexico, and it has been suggested, based on their
phylogenetic position, that the metabolism they possess is methanogenesis (Borin et al. 2009; Oren
2011; van der Wielen et al. 2005; Yakimov et al. 2013). Our understanding of this uncultured
monophyletic group is still little; another study, based on metabolic reconstruction, suggested that
they are not methanogen, but sugar-fermenting microbes able to grow autotrophically, concluding
that such a mixotrophic strategy could offer survival advantage (Mwirichia et al. 2016). A common
feature reported in these studies, however, is that MSBL1 is found in deep hypersaline environments,
which is also in line with the findings of this study. The terminology proposed by Sirota et al. (2017),
allows the distinction of bottom-growth and cumulate halite, and they differ based on the type of
precipitation of the crystal, and the environmental conditions in which they precipitate. In fact,
bottom-growth crystals are mainly characterized by coarse crystals vertically oriented, and they are
deposited during the summer, whereas cumulate crystals are finer (ca. 0.1 mm) randomly oriented,
and are deposited during the winter (Sirota et al. 2021). The other important difference is in the way
the two precipitates: bottom-growth halite, as the name suggests, precipitates at the bottom of the
Dead Sea basin, whereas cumulate halite precipitates from the upper part of the water column.
Theoretically, these two different locations of precipitation might carry along a different microbial
composition, as suggested by the results of this study. MSBL1 has been preferentially found in
bottom-growth halite, and species of Halorhabdus resulted more abundant in cumulate halite
samples. A study conducted on the Red Sea sediment from the Discovery Deep brine-pool, found
high abundance of Natronomas, Halococcus, Halobacterium and Halorhabdus species, known to be
capable of reducing oxidized nitrogen (Siam et al. 2012). In line with studies mentioned, also in this
study, species of Halorhabdus and MSBL1 are located separately, as MSBL1 is significantly more
abundant in bottom-growth halite, whereas Halorhabdus species are more abundant in cumulate
samples. In particular, Thomas et al. (2015), found that MSBL1 was the most abundant species in
intervals of alternating aragonite and mud in the longest core retrieved from the deepest point in the
Dead Sea, and separately, in layers mainly composed of halite and gypsum, Halorhabdus species
were the most abundant. There is a clear separation between MSBL1 and Halorhabdus species,
suggesting that the distribution of microbial population depends on the chemical and biological
conditions of the water column at the time of deposition. It is possible that MSBL1 is more abundant
at the bottom of the basin and remain entrapped in halite forming at the bottom (bottom-growth
halite), whereas Halorhabdus species become entrapped in the upper part of the water column, where

cumulate halite starts to form. MSBL.L1 in this study has also been detected in bottom-growth crystal



non surface sterilised: this might be due to the fact that the microbial community detected in those
samples are present on the surface of the samples, and therefore, they accumulated on the surface
layer after the formation of bottom-growth halite. Additionally, the diversity detected in the bottom
growth samples, compared to the surface-sterilised ones, showed a higher abundance, probably due
to the removal of species by the surface-sterilisation procedure. However, the different species found
in non-surface-sterilised halite, were not detected in the controls, therefore it is possible to speculate
that these are species found in the layer where the samples were taken, and not the result of

contamination.

Consistent with findings from previous studies (see section 5.1.2), Archaea were the dominant
microbes in the Dead Sea, and in halite crystals. The DNA extracted from halite samples does not
indicate whether organisms detected were alive or dead, however, there is evidence that some of the
DNA sequences detected derives from live cells, as Utsav isolated species of Salarchaeum and
Halorhabdus (Utsav et al., unpublished). In order to identify the main microbes, present in the halite,
mud, Dead Sea and inflowing river samples, PCR and sequencing was performed at Novogenes using
a set of primer that amplifies both Bacteria and Archaea. The sequence results had to be analysed and
must be interpreted with caution because the two controls (lab-made halite and surface-sterilised lab-
made halite), included in the samples sent at Novogene, showed amplification. While this was
expected as the lab-made halite precipitation occurs on a sterile bench with lids opened, therefore not
sterile conditions, it should be taken into account as cross-contamination might have occurred.
However, as reported in the Methodology (section 5.2), all the ASVs found in these controls were

removed from the discussed samples.

5.5 Conclusion

The unique opportunity the architecture of the Dead Sea offers to study the origin of salt giants on
Earth is not limited to geology but opens to the possibility of understanding the co-evolution between
the biology of its water and how this has changed with changing water dynamics throughout decades.
The studies conducted by Sirota et al., (2021) offered the description of a sedimentological library,
reporting exhaustive information about the stratigraphy of this well-dated, high-resolution modern
Dead Sea halite sequence. The aim of the study was to provide a view of diversity found in the Dead
Sea halite layers, and whether this diversity reflects the different environmental settings at the time
of deposition. The results showed that MSBL1 and Halorhabdus had a different abundance in bottom-



growth halite and cumulate halite; the question arises on whether MSBL1, are preferentially found in
deep sea brine lakes, and if this is the case, there is potential to use microbes to contribute to the study
of depositional conditions. Species of Halorhabdus resulted more abundant in cumulate halite
samples. In the near future, the analysis of this dataset will continue and will try to address the
questions on whether different environmental conditions, resulting in different deposited layers of
halite, clearly influences the microbial composition of the water column, and whether the most
abundant species are found throughout the halite section and what this can tell us. Additionally, future
studies can see how bio-energetic modelling could be used to ask questions regarding time and energy
limits of survival of entombed microbes. To this end, a first step might be to calculate power
availability from necromass utilization within halite crystals. These values could be bracketed by
some assumptions about the amount of biomass of surviving populations, and the amount of
necromass that is produced by those organisms that die out, an approach similar to previous studies
(Bradley, et al., 2019; 2018).

These preliminary results show that the archaeal MSBL1 Candidate Division was found preferentially
in bottom-growth halite, whereas species from the genus Halorhabdus were preferentially found in
cumulate halite. This preliminary analysis may open to the possibility that entombed microbes may
reflect depositional settings of salt giants. The findings of this study may have implications about the
survival of life on Earth and opens the possibility of life elsewhere.
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5.7 Supplementary info

Table S5.1. Chemical composition of the Longmire buffer preservation (Longmire et al. 1997).

Quantity for 1 liter

of solution (ml) Chemical
100 1 M Tris
100 IM EDTA

50 10% SDS

2 5 M NaCl
PCR-grade

748
water




Chapter 6: General discussion

Hypersaline environments are dynamic ecosystem with fluctuations between dissolution and
precipitation of salt crystals, including halite. Microbial communities living in these environments
are also subjected to these fluctuations, and when the halite precipitates they may become entombed
in little pockets of brines encased within the salt crystal lattice (Figure 6.1). It has been reported in
the literature that Haloarchaea are able to survive inside fluid inclusions of halite over geological time
(see Introduction). The question on how they survive over geological time scale is still open, the

experiments reported in this thesis are an attempt to begin to answer this question.

Figure 6.1. Detail of a laboratory made halite with entombed cells of Halobacterium salinarum NRC-1 (red spots). The

photo was taken by Patrick Keith.



In Chapter 2, the results highlight the ability of Halobacterium spp. as specialists in long-term
survival, as reported by Gramain et al (2011). Although microbes living in hypersaline environment
have no choice but to get trapped inside fluid inclusions of halite, the entombment could be an
advantage, as the remaining brines after the precipitation of halite are mainly composed of MgCl,_-
rich water bodies, which appear to be sterile (Javor, 1989), because of its chaotropicity (Hallsworth
et al., 2007). Therefore, the putative role/influence of microbes on the process of precipitation, might
result in an advantage for the microbes entombed in the halite. To the best of my knowledge, it is the
first time the survival in fluid inclusions of halite of Dunaliella salina was tested. It can be concluded
that Dunaliella salina gets trapped in halite fluid inclusions, but does not survive beyond the initial
entombment. Although it appears to not influence the survival of Halobacterium salinarum over the
short time frame of this experiment, it remains to be tester whether the co-entombment of different
species can enhance its survival over the longer term. Another advantage related to the entombment
of cells in halite, might be the protection afforded by halite against intense radiation, as discussed in
(Chapter 3).

However, the question on how species like Halobacterium salinarum are able to survive over
geological time scale is still open. In Chapter 4, the setup of the experiment tried to address this
question. The pattern arising from the results is that Halobacterium salinarum NRC-1, when
entombed in fluid inclusions, actively slows down the metabolism. This is clearly indicated by the
lower abundance of 20 ribosomal proteins in T-2 compared to T-0, most of them crucial for the
interaction with the rRNA, and therefore, for the overall stability and functionality of the ribosome,
the site of protein synthesis. Differently, the 50S ribosomal protein L13 was found to be higher
abundant after 42 days of entombment. This protein has been reported as a dispensable ribosomal
protein, which, when it is released, leads to the silencing of protein synthesis and inhibition of DNA
replication in Eukarya (Mazumder et al., 2003). Based on shared similarities between Archaea and
Eukarya (Bell and Jackson 1998; Benelli et al., 2017), it is possible to speculate that a similar role
L13a has in Eukarya, can be assigned to L13 in Archaea: the 50S ribosomal protein L13 can be
phosphorylated either on the ribosomal structure or when it is free in the cytoplasm. This speculation
could be supported by the evidence that previous studies have found phosphorylation on proteins in
Halobacterium salinarum (as post-translational modification) (Spudich and Stoeckenius, 1980) and

specifically of ribosomal proteins (Aivaliotis ef al., 2009).

Among the main cellular processes, duplication, transcription and translation, Eukarya and Archaea
share most similarities in translation, especially at the initiation step. Evolutionary, there might be an

advantage resulting from the complexity of this process, as this complexity reflects a major control



over this process. Translation is fundamental for the cell, however, if not finely regulated, might
become a sink of energy. In Haloarchaea that have shown the ability to survive over long term, this
fine regulation might be at the base of their striking longevity. As evidenced by de Koning et al.
(2010), “a key element during the flow of genetic information in living systems is fidelity”. With an
error rate of 10* shown by ribosomes, it becomes crucial to avoid waste of energy, especially in a
system where a cell is devoting all the energy to maintenance rather than growth and reproduction. It
is the case of Halobacterium salinarum in a nutrient-depleted system like the fluid inclusions, where
it becomes an advantage to modulate the translation and biosynthesis of new proteins. In the future,
a useful experiment could be to quantify RNA:DNA ratios at different time points, which, based on

the findings of this study, are expected to decrease through time.

The lower abundance of the protein Translation initiation factor 2 subunit gamma in T-2, able to bind
GTP and, together with subunit alpha and beta, responsible for the translation initiation, adds to the
interpretation that there might be selective modification of the metabolic activities to survive in fluid
inclusions. The down regulation of translation might eventually result in a decreased cell division
rate, in fact, the lower abundance of the cell division protein FtsZ1 may suggest this. Interestingly,
the cell division protein FtsZ2 increased in abundance, however the values were not statistically
significant; a possible interpretation is that it is more effective to regulate FtsZ1 first; on one hand
FtsZ1 is fundamental for the cell division (Liao et al. 2021; Wang and Lutkenhaus 1996; Bernander
and Ettema 2010), but most importantly, it is the one binding, and therefore using, GTP, a high energy
molecule that in starvation conditions might be preserved instead of being used to sustain cell
division. As a result of the lower abundance found at T-2 of many proteins involved in the
transcription and translation processes, the cell might be focussing on the transcription and translation
of specific proteins, as indicated by those proteins that were found to be more abundant in T-2.
Proteins found to be higher abundant in T-2 might highlight ongoing alternative metabolic activities,
confirming that NRC-1 actively responded, adjusting its physiological activities to the new
environmental conditions of the fluid inclusions. The latter is supported by the higher abundance of
the ribosomal protein L13, that might be involved in the regulation of translation, a similar role found
in L13a in Eukarya (Mazumder ef al., 2003). Added to that, the higher abundance of some enzymes
involved in the fermentation of arginine indicate that NRC-1 is increasing the activity of arginine
fermentation to produce energy in form of ATP. The higher abundance of the DMSO reductase found
in T-2 compared to T-0, indicates that the levels of oxygen are significantly decreasing, as the operon
where this gene is found is sensitive to oxygen levels and is transcribed in the absence of oxygen, as

reported by Miiller and DasSarma (2005).



What can be the ecological advantages arising from a more regulated translation process? Here |
suggest that a more efficient use of energy, might be an advantage from an evolutionary point of
view. In extreme environments, archaea have won the competition by displaying unique ecological
features, that allowed them to colonize the most extreme environments on Earth (Merino et al., 2019).
This in turn has resulted in less competitive pressure, with less need of displaying offensive strategies
to win the competition with other life forms, as also suggested by Valentine (2007).

This research could help to design future experiments, and potentially different techniques could also
be considered: for instance, there could be advantages in utilizing qRT-PCR or transcriptomics to
have a different type of quantification about the active physiology of entombed life in halite over

long-term.

The possibility that life could influence the precipitation of halite, has the potential to help us in the
search for life on Mars, for instance. When samples from the Mars Sample-return mission will be
returning on Earth, it will be crucial to develop methods to study life in fluid inclusions, and most

importantly, signs of its presence.

If the presence of life does have a clear and measurable influence on halite precipitation and/or on
the structure, abundance and size of fluid inclusions, this could help in identify signs of past life
(especially in the case of life based a different chemical composition, which our current methods
could potentially fail to identify, e.g., molecular analysis).

Additionally, future studies can see how bio-energetic modelling could be used to ask questions
regarding time and energy limits of survival of entombed microbes. To this end, a first step might be
to calculate power availability from necromass utilization within halite crystals, as reported in
previous studies (Bradley, et al., 2019; 2018). Such an approach could open to the possibility that

entombed microbes may reflect depositional settings of salt giants.

Lastly, this study can be part of the effort to understand the limit of life on Earth, as the Haloarchaea
are living not only at the extreme of salt, but also of time. To this end, the study of microbial life can

help to address the most fundamental questions about life as a phenomenon.

Microbes, that are at the interface between biotic and abiotic processes, are blank pages where the

very essence of evolution draws its existence.
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