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“Science is much more than a body of knowledge. It is a way of thinking. A way of

skeptically interrogating the universe with a fine understanding of human fallibility.”
CARL SAGAN (1934-1996)



Abstract

Our understanding of potential life in extraterrestrial environment and its biosignature has
mainly focused on studying extreme environments on Earth. Terrestrial extreme
environments, indeed, offer a rich source of information allowing us to determine how
extreme conditions affect life and molecules associated.

Extremophilic organisms, inhabiting these environments, have adapted to the most
stunning conditions on Earth environments; among these, the Antarctic cryptoendolitic
black fungus Cryomyces antarcticus CCFEE 515, isolated from the McMurdo Dry Valleys
in Antarctica, is one of the most resistant eukaryotic microorganism known to date,
survived over 1.5 years real space during the LIFE experiment.

In the frame of different astrobiological projects (BIOMEX and STARLIFE), the fungus
was exposed to different kind of stressors, including vacuum, temperature ranges, Martian
atmosphere, simulated space conditions and even real space exposure, which included
various types of radiations as UVC, whole UV spectrum, ionizing radiation (y- and x-rays),
deuterons and heavy ions (helium); these rays, being part of the cosmic radiation
environment, are space-relevant radiations.

The role of the melanin, a pigment composing the fungal cell wall, in the photo-protection
was investigated and demonstrated, by comparing melanized and non-melanized strain of
the fungus; melanin as biosignature molecule was analyzed too.

In conclusion, this research demonstrated the strong endurance of the Antarctic
cryptoendolitic black fungus Cryomyces antarcticus in simulated and real space conditions
contributing to our knowledge on the limits of life on Earth, on the potential survival of
this eukaryotic microorganism on other planets and to the identification of biosignatures
for searching life beyond Earth.
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1 Introduction
1.1 Astrobiology

Astrobiology is a rather young field of research gathering scientists from different
backgrounds around the questions of the origin, evolution, distribution and future of life
on Earth and in the Universe. This interdisciplinary field encompasses researches on the
origin and evolution of planetary systems, origins of organic compounds in space, rock-
water-carbon interactions, abiogenesis on Earth, planetary habitability, search of
biosignatures for life detection, and studies on the potential for life to adapt to challenges
on Earth and in outer space (Sullivan and Baross, 2007). Astrobiology is not only diverse
in terms of disciplines. It also traverses a very wide spectrum of spatial and temporal scales:
from the molecular level to ecosystems and planetary systems, at scales ranging from
Earth’s (sub)surface to planetary objects detected thousands of lightyears away, and from
understanding the origins of life to its future evolution and destiny (Horneck et al., 2016).
Platforms placed in Low Earth Orbit (LEO) and ground based simulators have been
developed to expose organisms and molecules to the space environment. New generation
astrobiological experiments have been carried out by using nanosatellites, e.g. cubesats
(Shiroma et al., 2011); that orbit where the radiation doses are significantly higher (at least
one order of magnitude) than on the ISS (Woellert et al., 2011). All the efforts should
answer to the astrobiological questions: What is life? How did it start? Are we alone in the
Universe? Did living organisms arise on the planet Mars and do they survive today? Does
life exist in the subterranean oceans of Europa, one of the Moons of Jupiter? What is the

future of life on Earth and beyond?

1.2 Dry Valleys in Antarctica are considered one of the extraterrestrial analogue
environments
As reviewed by Cockell et al. (2016) we have to define all the conditions that life require
in order to investigate deeply the origin of life on Earth, its persistence on the planet since
its emergence, and the search for evidence of life on other planets. To answer these points
many astrobiologists have attempted to further explain habitability and the requirements

for presence of life. They focused mainly on defining the basic requirements for life to be



metabolically active or to reproduce in planetary environments and the processes to be
sustained over geological periods within the lifetimes of planetary bodies.

Our knowledge of the boundaries for life on Earth defines the standard parameters that
define these boundaries include, for example, extremes of temperature, pH, salinity,
pressure, redox states, radiation, gravitation, the availability of electron donors and
acceptors, and thermodynamic laws (Stevenson et al., 2015; Horneck et al., 2016). Some
extreme environments on Earth are characterized by only one or two of these parameters.
However, several environments are characterized by multiple extremes (Harrison et al.,
2013).

Recent findings (Lin et al., 2006; Pointing et al., 2009; Shtarkman et al., 2013) reveal that
life may thrive in environments we thought previously uninhabitable, suggesting we have
not yet encountered the limits of life on our own planet. Extreme environments on Earth,
previously thought to be incompatible with active life, are perfect models for studying the
limits of habitability on Earth. A large number of analogue sites have been identified
similar to the environmental conditions we would expect elsewhere in our Solar System:
hot deserts, cold and dry polar regions, permafrost soils, deep seas, alkaline and hypersaline
habitats (Gonzélez-Toril et al., 2003; McKay et al., 2003; Gunde-Cimerman et al., 2005;
Gilichinsky et al., 2007; Onoffri et al., 2007a; Stevenson et al., 2015). Examples from hot
deserts such as the Atacama and the Tunisian Sahara desert Gypsum crusts (Dong et al.,
2007; Stivaletta et al., 2010) suggest that life is possible in deserts localizes and specializes
towards areas that offer protection from the harsh UV radiation, and dry conditions.

The super-arid and cold location of the McMurdo Dry Valleys in Antarctica are analogue
of Mars environment. Subglacial Antarctic lakes as Vostok or Vida, ice-bound systems
presumably isolated with solar-derived organic carbon and coincident microbial life which
has survived for millennia since isolation, are analogue to the icy moons around Jupiter
and Saturn, Europa and Enceladus. Such aphotic and anoxic ecosystems provide potential
analog for habitats on other icy worlds where water-rock reactions may co-occur with
saline deposits and subsurface oceans (Murray et al., 2012).

After the discovery of life in evaporates, halite is now the new frontiers for astrobiologists:
from the drought of the Atacama Desert to salt deposits up to Permian in age and 2000

meters in burial depth, living microbes have been found. Because halite is geologically



stable and impermeable to ground water, the microbes allegedly are the oldest organisms
known to live on Earth (Jaakkola et al., 2016). The now-frozen water on Mars may have
been liquid in the past, offering a prerequisite for life; sometimes microbes become trapped
inside these inclusions, where liquid water allows them to remain viable and wait for the
environmental conditions to become more hospitable (Oren et al., 1995). There is evidence
of evaporitic minerals on the planet (Osterloo et al., 2008), and if there ever was life on
Mars, remnants of it could now be in slumber under the surface. Other potential targets for
searching for halophilic life in the Solar System are Jupiter's moon Europa and Saturn's
moon Enceladus (Jaakkola et al., 2016).

Among the environments described above, the McMurdo Dry Valleys, located in Southern
Victoria Land in Antarctica, being the coldest hyper-arid desert environment on Earth
(Cowan et al., 2014), are considered to be, among the terrestrial ‘extreme’ environments,
the closest analogue of Mars (Fig 1.1). A combination of very cold and very dry conditions,
very poor nutrient availability, and large fluxes of UV-light characterizes the environment
(Horneck, 2000; Finster et al., 2007; Onofri et al., 20073, b).

They have a total ice-free area of 4500 km?, making them the largest (15%) ice-free land
portion of the continent (Cary et al., 2010; Levy, 2013). This region has a mean annual
surface temperature of near -20°C (Doran et al., 2002) with temperatures dropping down
to -60°C in the winter (Horowitz et al., 1972; Cary et al., 2010). Frequent daily temperature
fluctuations of >20°C often result in multiple freeze-thaw cycles (Aislabie et al., 2006;
Barrett et al., 2008).

Further environmental factors that pose extreme stresses on microbial life are the low
bioavailability of water [<10 cm yr? water equivalent precipitation (Witherow et al.,
2006)], high salt concentrations, low nutrient availability (<1% by weight) (Vishniac,
1993; Burkins et al., 2000) and high radiation, including UV (Onofri et al., 2007b).
Microbial biomass is low in these regions but just like in other extreme environments, life
tends to seek for shelter in areas that provide protection against the most destructive effects
of desiccation, freeing and radiation.

All the environments characterized by these kind of stressors are hostile for organisms;
however, a small group of microbes, the so called “extremophiles” are adapted to live even

in the Martian-like region of the McMurdo Dry Valleys and to cope with extreme



desiccation. For this they are supposed to have the potential to survive some extra-
terrestrial conditions.

Obviously, our knowledge of life and resistance of living microorganism on Earth will be
essential for the new missions searching for past or present life on Mars, Europa, Enceladus

and other planetary bodies.

1.3 The black fungi of the Antarctic cryptoendolitic communities

As explained above, Earth is our only reference for studying the possibility of life on other
planetary bodies: extreme terrestrial environments host specifically adapted organisms,
among which anhydrobionts are generally considered the best models for exobiological
studies (Finster et al., 2007; Stevenson et al., 2015). The extremely arid McMurdo Dry
Valleys, therefore, represent a natural source of stress resistant microorganisms. In this
hostile environment, fungi and cyanobacteria have adopted a strategy to escape most of the
stress parameters by colonizing the inside of rocks (Friedmann, 1982). When conditions
become too harsh and epilitic life is not possible on the surface, cracks, fissures and
porosity within the rocks represent the main sites for colonization. Cryptoendolithism is
one of the most spectacular adaptation of microbes to the environmental pressure and the
predominant life-form in the inner part of continental Antarctica (Friedmann et al., 1993).
The lichen dominated community is one of the most complex among the endolithic
communities (Friedmann, 1982): these communities, showed in Figure 1.2, represent a

borderline adaptation,but actually the last chance to survive in that area.
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The cryptoendolithic lichen dominated communities include several prokaryotic and
eukaryotic organisms that live at the limit of their biological potential (Onofri et al., 2004;
Ruisi et al., 2007): black meristematic fungi are invariably present in these communities
(Selbmann et al., 2005, 2008) and are one of the most impressive examples of adaptation
(Gunde-Cimerman et al., 2005; Sterflinger, 2005).
’ ‘
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Figure 1.2 Cryptoendolithic lichen dominated community (Battleship Promontory, Convoy Range,
McMurdo Dry Valleys, Antarctica).

For long time, Exobiology has focused on prokaryotic models (Horneck et al., 1994;
Nicholson et al., 2000) because of their less complex organization, their earlier emergence,
and putative higher resistance to stresses compare to eukaryotes. Nowadays, eukaryotes
demostrated to be able to survive or even thrive in different extreme environments (Zettler
et al.,, 2002), and are increasingly attracting interest for astrobiological studies. In
particular, the black meristematic fungi have been suggested as the best eukaryotic model
for exobiological speculations (Onofri et al., 2007b). Nevertheless, data on their tolerance
to different stresses and about actual limits of surviving are scant or even missing.

Rock Inhabiting Fungi (RIF) are extremophilic or extremotollerant organisms sharing

peculiar features allowing them to survive in oligotrophic environments characterized by
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extremely high or low temperatures, high UV radiation and osmotic stress, combined
together. They are usually melanized, often able to reproduce by unicellular growth, at least
for a part of their life cycle and organized in microscopic colonies on the rocky substrate,
so they are also called black yeasts or microcolonial fungi (MCF) (Staley et al., 1982;
Sterflinger, 2005; Selbmann et al., 2014b); because of their ability to form cells’ clumps
with a peculiar isodiametric expansion, they are also called meristematic fungi (Sterflinger
etal., 1999).

They are characterized by thick and melanized cells wall, which protect cells against
extreme temperatures and desiccation, as well as UV irradiation. Melanins are high
molecular weight pigments responsible of the characteristic dark, brown or black color of
RIF, largely contributing to their resistance to chemical and physical stresses. Melanins are
negatively charged idrophobic molecules, often aggregated to proteins and carbohydrates,
formed by phenols and indolic compounds polymerization (Butler and Day, 1998). They
can be DOPA-melanin (3,4-dihydroxyphenylalanine) or DHN-melanin (1,8-
dihydroxynaphtalene) (Butler and Day, 1998). They are synthesized in the cell wall (Butler
and Day, 1998) or released as extracellular polymers (Kogej et al., 2004). Some melanized
fungal species have been found in nuclear reactors and their cooling water systems,
suggesting that melanins could confer a remarkable tolerance to ionizing radiation
(Zhdanova et al., 2000), even being responsible of ionizing gamma radiation’s conversion
into chemical energy by still unknown mechanisms (Dadachova et al., 2007).
Furthermore solutes such as trehalose and sucrose, which possess water-retention
properties, have been widely detected in endolithic microorganisms, including RIF
(Friedmann et al., 1993). In particular trehalose is very efficient for its cryoprotective
effects during freezing or desiccation (Weinstein et al., 2000), acting as stabilizer of
enzyme conformation and phospholipid bi-layers of membranes allowing these surprising
organisms to survive complete dehydration (Onofri et al., 2012).

RIF have also very slow growth rate; meristematic growth (i.e. isodiametric cellular
expansion) represents an additional advantage resulting in a minimal surface/volume ratio,
which allows survival in dry conditions (Wollenzien et al., 1995). The ability to modify
cellular polarity (Yoshida et al., 1996), a scarce morphological differentiation and the

capacity to rely on air-borne sparse nutrients exclusively (oligotrophism) are crucial
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features for extreme environments inhabitants (Gunde-Cimmerman et al., 2005; Zettler et
al., 2002).

Regulation of metabolic activities is a strategy to balance energy expense according to
changes in the composition of the atmosphere and climate. Sterflinger et al. (2012) suggests
that in polar environments for large part of the year fungi incur dormancy, a reversible state
that stops only when temperature rises and melting water is available. Rock inhabiting
fungi are invariably asexual since the genetic machinery for recombination active implies
too high energetic expense. Moreover, in order to decrease energy expense, the life-cycle
in these fungi is extremely simplified, usually limited to just a few cells that subdivide and
fall apart for passive dispersal.

A paradigmatic example of rock inhabiting fungi tolerance to environmental stresses is
represented by the genus Cryomyces, isolated from cold Antarctic and Alpine rocks, among
which the Antarctic endemic C. antarcticus Selbmann et al. (2005) is one of the most-

stress-tolerant organisms known to date.
1.4 The black fungus C. antarcticus, an eukaryotic model for astrobiology

As reviewed by Selbmann et al. (2013, 2015), during the last years strains of Cryomyces

spp. have been subjected to a number of experiments in order to test stress tolerance.

Figure 1.3 Cryomyces antarcticus at light microscope.
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Antarctic strains, which have typical psychrophilic profiles (Van Uden, 1984) with optimal
growth temperatures around 10 °C or at least 15 °C, are unable to grow above 20 °C. In
the Antarctic deserts, during summer temperature fluctuactions on rock surfaces can be
wide and sudden and cause a repeated freeze-thawing stress to lithobionts; during Austral
winter organisms live in permanently frozen conditions. Antarctic black fungi may actually
easily tolerate this stress: repeated treatment to — 20 + 20 °C did not affect growth ability
(Onofri et al., 2007b; Onofri et al., 2008). Moreover, strains were proved to tolerate even
very high temperatures, since germination ability of Cryomyces spp. is not affected after
exposition at 90 °C for 1 hour (Onofri et al., 2008). In cold environments, resistance to
osmotic stress represents an additional challenge, since water availability decreases during
ice crystals formation. Moreover, rock fungi evolved specific adaptation to tolerate
considerable high salt concentration. For instance, strains of Cryomyces spp. are still able
to grow at NaCl concentration of 25% (Onoftri et al., 2007b), demonstrating a remarkable
tolerance to osmotic stresses. Moreover, using a proteomic approach, it was demonstrated
that C. antarcticus did not not actively respond to stress temperature or even Mars
simulated conditions; yet it just to down-regulates its metabolism, suggesting that both
trehalose and mannitol might play a cell protective role in those fungi (Tesei et al., 2012;
Zakharova et al., 2012). The ability to survive long-term desiccation makes these isolates
pre-adapted to the extreme conditions of space, since high-vacuum conditions produce an
extreme dehydrating effect.

Resistance to radiation has been largely reported in Cryomyces spp. C. antarcticus
maintains its ability to germinate after high UV exposition (Onoffi et al., 2007b) and even
after space radiation (Onofri et al., 2012) by resisting, rather than repairing potential DNA
damages (Selbmann et al., 2011). Therefore, C. antarcticus is able to withstand short-term,
Mars-simulated ground-based exposition when actively growing (Zakharova et al., 2014)
and long-term exposition (up to 1.5 years) when dehydrated (Onoftri et al., 2015).

To summarize C. antarcticus (Figure 1.3) is able to resist extremes of temperatures, high
salt concentration, UV radiations and even real space exposure and simulated Martian
conditions (Onofri et al., 2007a, 2007b, 2008, 2012, 2015; Selbmann et al., 2011) and for
these reasons it has been chosen as best eukaryotic model for the astrobiological

experiments, including this study.
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1.5 Astrobiological Projects

With the development of space technology, many experiments were performed to simulate
the harsh conditions expected in space. The impossibility to completely reproduce on the
ground the full-spectrum of solar irradiation or the combined effects of all the space
constraints, namely vacuum, radiations and temperature cycles, necessarily implies to
perform experiments in real space conditions.

As reviewed by Horneck et al., (2010) outer space is a harsh and inhospitable environment
for terrestrial organisms due to lethal effects of vacuum, solar and galactic cosmic
radiations and temperature extremes. The record of survival in space remains that of 6 years
of Bacillus subtilis spores (Horneck et al., 2010). Ultimately, organisms from the three
domains of life (Bacteria, Archaea and Eukaryota) have survived space exposure in either
the BIOPAN or the more recent EXPOSE missions (Horneck et al., 2012; Onofri et al.,
2012, 2015; Tepfer et al., 2012; Brandt et al., 2014).

Among the last astrobiological projects, BIOMEX and STARLIFE, two experiments of

real space exposure and simulated environments experiments, have been performed.

1.5.1 BIOlogy and Mars EXperiment Project

BlOlogy and Mars Experiment (BIOMEX) is one of the four space experiments on the
exposure facility EXPOSE-R2 onboard the ISS, using ground based facilities for reference
studies. The experiment focuses on desiccation-tolerant organisms, including halophyles,
bacteria and cyanobacteria, fungi, and their cellular components, such as pigments,
membranes and proteins. The aim of the project is to get new insights about stability and
degradation of the exposed extremophiles and their constituents, grown on terrestrial, lunar
and Martian analogue mineral substrates. Investigating the degradation of microorganisms
and their metabolites, which may be induced by the space environment (radiation, vacuum
and Mars atmosphere), BIOMEX will provide an efficient characterization and list of
organic compounds (e.g., amino acids, nucleobases, lipids) for searching of extant or
extinct life. These molecules are essential for life on Earth and are also prime targets in the
search for life beyond Earth, with a special focus on Mars (de Vera et al., 2012).
Biosignatures degrade over time; in situ environmental conditions influence the

preservation of those molecules. Nonetheless, upon shielding (e.g., by mineral surfaces),
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particular biosignatures can persist for billions of years, making them of vital importance
in answering questions about the origins and limits of life on early Earth, Mars or other
habitable worlds.

Hence, the choice of targets to detect life (namely biosignatures) and the understanding of
their degradation under different extraterrestrial conditions is a key feature for future
missions to recognize life when encountered (Gémez and Parro, 2012). Methods and
analytical tools in the field of life science are continuously improving; in particular,
amplification methods are very useful for the detection of low concentrations of genomic
material but most other organic molecules are not prone to amplification methods (Aerts
et al.,, 2014). Putative biosignatures have been identified by Raman spectroscopy in
photoprotective and antioxidant molecules, UV screening compounds in rock-inhabiting
communities from hot and cold deserts which are perceived as critically important for the
forthcoming ExoMars mission for the robotic search of life on Mars (Jorge-Villar and
Edwards, 2013; Vitek et al., 2010).

Furthermore, BIOMEX samples, selected microbes intermixed with Martian and lunar
mineral analogues, will be investigated to both have insights of potential effects of
substrates on microbes and to consider life endurance in the contest of the Litho-
Panspermia theory (Arrhenius, 1908; Martins et al., 2008). This theory based on the idea
of the possibility of an interplanetary travel of microbe inside meteorites.

Taking advantage of the combined harsh conditions present in LEO (UV and ionizing
radiations, temperature extremes, space vacuum and microgravity), in the EXPOSE-R2
space mission selected organisms have been exposed for 1.5 years not only to space
conditions, but also to a simulated Mars-like environment (CO> atmosphere and UV > 200
nm). The space mission was successfully launched to the 1SS on July 24" 2014 on board
the space cargo Progress 56P, whereas on August 18", was installed outside the ISS on the
Russian Svezda module (Figure 1.4). The experiment ended in June 2016.

A set of microorganisms, representing species of all three main branches of the tree of life
were exposed, including microorganisms which are known to be relevant for Mars (e.g.
methane producing archaea, cyanobacteria and iron bacteria) and to corroborate the Litho-

Panspermia theory (Figure 1.4, de Veraet al., 2012).
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Figure 1.4 Top: EXPOSE-R2 launch onboard the space cargo Progress 56P
from the Baikonur Cosmodrome, Kazakhstan (credit Roscosmos). Bottom:
Retrieve EXPOSE-R experiment from the Universal Work Platform on the
Russian Zvezda module (credit NASA).

Among the microorganisms, BIOMEX included the Antarctic cryptoendolithic black
fungus C. antarcticus, as eukaryotic model organism for investigating astrobiological
topics. In the preparation of EXPOSE-R2 space mission, selected space and Martian
simulations (EVTs for Experiment Verification Tests and SVT for Science Verification
Tests) were scheduled to test whether the selected samples could withstand real exposure.
Colonies of C. antarcticus were grown on substrates including Lunar, P-MRS, S-MRS

analogues, or sandstone, which is the Original Substrate (OS). The results on EVTs and

SVT tests were analyzed in this thesis (Chapters 2 and 3).
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Figure 1.5 The rDNA analysis-based phylogenetic tree of terrestrial life including the selected organisms
(highlighted in the tree) for the BIOMEX space experiments onboard the ISS. Bottom left: mineral pellets
selected for BIOMEX (de Vera et al., 2012).

1.5.2 STARLIFE Project

Among other space parameters as extreme vacuum, desiccation and strong thermal
contrasts (Nicholson et al., 2000), exposure to space environment includes numerous types
of ionizing radiation as high-energy photons and particles of different masses, charges, and
energies (Moeller et al., 2010; Dartnell, 2011).
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The complex space radiation has been considered one of the main hazardous components
of space environment for any biological system to survive long periods in space (Ferrari
and Szuszkiewicz, 2009); yet, a deeper understanding of the biological effects of this
parameter is required for assessing the radiation risks in space. This pertains to astronauts,
the cabin microflora and accompanying bioregenerative life support systems during long-
term exploratory missions (Badhwar and O'Neill, 1994; Cucinotta, 2015) as well as to any
microorganism accidentally traveling through space after being ejected from its planet’s
surface by a meteorite impact, as described in the scenario of Litho-panspermia.

To address these questions, a set of different astrobiological model systems have been
studied within the STARLIFE radiation campaigns (Moeller et al., in press). The
STARLIFE group aims to investigate the responses of different astrobiological model
systems to the different types of ionizing radiation (x-rays, gamma-rays, heavy ions), which
represent major parts of galactic cosmic radiation spectrum. Low and high-energy charged
particles radiation experiments have been performed at the HIMAC facility (Heavy lon
Medical Accelerator) at the National Institute of Radiological Sciences (NIRS) in Chiba,
Japan. X- or y-rays were used as reference radiation at DLR (German Aerospace Center,
Cologne, Germany).

Exposure to this particulate radiation in space causes a wide range of different types of
genomic lesions, e.g., single and double strand breaks, abasic sites, modified (mainly
oxidized) bases or interstrand crosslinks (Asaithamby and Chen, 2011; Friedberg, 2003;
Yokoya et al., 2008) with consequences of gene mutations, chromosome exchanges, cancer
induction and cell death (Cacao et al., 2016).

Various biological endpoints have been investigated with a combination of different
biochemical and molecular biological methods, e.g., colony formation assays, most
probable number, vitality staining, different microscopic analysis, RAMAN spectroscopy,
PCR/RT-PCR, metabolism, and key biosignatures stability. They allowed gaining a clearer
understanding and broader spectrum of the effects of galactic cosmic rays on
astrobiological model systems.

In the frame of STARLIFE, three Antarctic endolithic microorganisms, namely C.
antarcticus, Umbilicaria sp. mycelium and Stichococcus sp., were exposed to high doses

of y-rays; findings will give insights to define the limit of life under radiation environment.
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1.6 Aim of the thesis and chapters description

The present thesis aims to describe the responses of the Antarctic meristematic black
fungus Cryomyces antarcticus CCFEE 515 to stresses, in the context of astrobiological
studies; focus was on resistance to the ground-based simulations, both in the preparation
of the BIOMEX LEO experiments, STARLIFE project and to 1.5 years of real space
exposure outside the ISS, under anydrobiotic condition. The role of melanin pigments in
the protection of the fungus, comparing melanized and non-melanized strain of C.
antarcticus under physiological condition, were investigated too.

The first chapter is an introduction to the astrobiology research, focusing on the importance
of extreme environments on Earth as references for the space environment, especially the
McMurdo Dry Valleys, in Antarctica, which is the closest terrestrial analogue to Mars. The
introduction continues with the description of the cryptoendolitic communities, which live
inside the rocks, and of C. antarcticus, one of the most resistant eukaryote know to date.
The fungus, being perfect eukaryotic astrobiological model, after the high survival reported
after the LIFE project, was investigated in BIOMEX and STARLIFE projects, which are
deeply described at the end of the introduction.

The following chapters of this thesis describe our understanding on the survival of the
fungus C. antarcticus after the ground-based simulations performed in the preparation for
the ISS exposure of BIOMEX experiment. The ground-based simulations (second and third
chapters) were carried out in the framework of Experiment Verification Tests (EVTs) and
Science Verification Test (SVT), respectively, and performed using the Planetary and
Space Simulation facilities of the Institute of Aerospace Medicine (German Aerospace
Center, DLR, Koln, Germany).

In chapter 2, the BIOMEX experiment is described with the first results obtained during
the EVTs on survival, DNA and ultrastructural damage of C. antarcticus grown of Martian
and Lunar regulites, to selected space and Martian simulated conditions. The main
techniques used in the following chapters are also presented as a proof of concept in this
chapter. Chapter 3 deals with the second ground test, the SVT, looking at the survivability
of the fungus for the real space mission. XTT assay has been optimized for the black
fungus, to evaluate the fungal metabolic activity too. This chapter focuses also on the

suitability of melanin as fungal biosignature, using the RAMAN spectroscopy; limits and
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limitation of this technique on our model is put forward. Results shown in chapter 4 are
achieved in the contest of STARLIFE project, a simulation experiment which includes
numerous types of ionizing radiation as high-energy photons and y-radiation. In this contest
we have exposed three different Antarctic microorganisms to very high level of space
relevant ionizing radiation (®°Co) to evaluate the microbes survival and the persistence of
DNA, as biosignature. Again, C. antarcticus has been showed as the most resistant among
our test microorganisms, both in term of survival and DNA resistance. In the fifth chapter,
the protective role of fungal melanin is investigated after exposure to space-relevant
densely and sparsely ionizing radiation, by comparing melanized and non-melanized
strains of C. antarcticus, under physiological condition. Survival was analyzed by plating
CFU?’s, the metabolic activity both by XTT and MTT assays, while the ATP content in the
cells was analyzed by the ATP assay.

General conclusions and synthesis are presented in chapter 6, supplementary data and
preliminary results on samples exposed to real space and simulated Martian atmosphere in

space for 1.5 years are reported in the Appendixes.
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Chapter 2

2 BIOMEX experiment: Ultrastructural alterations, molecular damage
and survival of the fungus Cryomyces antarcticus after the Experiment

Verification Tests

Abstract

The search for traces of extinct or extant life in extraterrestrial environments is one of the
main goals for astrobiologists; due to their ability to withstand stress producing conditions,
extremophiles are perfect candidates for astrobiological studies. The BIOMEX project
aims to test the ability of biomolecules and cell components to preserve their stability under
space and Mars-like conditions, while at the same time investigating the survival capability
of microorganisms. The experiment has been launched into space and is being exposed on
the EXPOSE-R2 payload, outside of the International Space Station (ISS) over a time-span
of 1.5 years. Along with a number of other extremophilic microorganisms, the Antarctic
cryptoendolithic black fungus Cryomyces antarcticus CCFEE 515 has been included in the
experiment. Before launch, dried colonies grown on Lunar and Martian regolith analogues
were exposed to vacuum, irradiation and temperature cycles in ground based experiments
(EVT1 and EVT2). Cultural and molecular tests revealed that the fungus survived on rock
analogues under space and simulated Martian conditions, showing only slight ultra-

structural and molecular damage.

Keywords: BIOMEX, cryptoendolithic black fungus, DNA damage, Mars, space

simulations, survival.

Pacelli, C., Selbmann, L., Zucconi, L., De Vera, J. P., Rabbow, E., Horneck, G., de la Torre,
R., and Onofri, S. (2016) BIOMEX Experiment: Ultrastructural Alterations, Molecular
Damage and Survival of the Fungus Cryomyces antarcticus after the Experiment

Verification Tests. Origins of Life and Evolution of Biospheres, 1-16.
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2.1 Introduction

The question whether extraterrestrial life exists has always intrigued scientists.
Extremophilic and extreme-tolerant microorganisms have, as their natural niches,
environments previously thought to be incompatible with active life; for this reason they
are perfect models for studying the limits of habitability on Earth. The McMurdo Dry
Valleys of Antarctica, Arctic regions, permafrost soils and cold deserts, for instance, are
considered to be good analogues of Mars environments due to their permanently cold and
dry conditions (Hansen et al., 2007). Microbes living there are pushed to the absolute limits
of adaptability and represent a perfect tool for astrobiological research (Finster et al., 2007).
The resistance of these terrestrial extremophiles under both space simulation and LEO
(Low Earth Orbit) has been documented (Horneck et al., 2010). Both ground based and
space experiments on the International Space Station (ISS), i.e. the LIFE experiment on
Expose-E (Rabbow et al., 2012, 2014), showed that some organisms, such as spores of
bacteria, meristematic black fungi, and lichens, are able to survive and reactivate their
metabolism after space simulations or direct exposure to space (Demets et al., 2005;
Horneck et al., 1994; Olsson-Francis et al., 2009; Onofri et al., 2008, 2012; Raggio et al.,
2011; Sancho et al., 2007, 2008) and even simulated Martian conditions (Baqué et al.,
2013; MeelRen et al., 2013a; Moeller et al., 2012a; Sanchez et al., 2012).

This work is a part of BIOMEX, whose main goal is to detect signatures of extinct or extant
life on Mars, investigating the fate of selected extreme-tolerant organisms and the stability
of associated biomolecules, after exposure to actual space and simulated Mars conditions.
Investigations will be based on sensitive and non-destructive approaches such as Infrared
(Igisu et al., 2006, 2009) and Raman spectroscopies (Bottger et al., 2012, 2013; de Vera et
al., 2012), using for comparison an international Raman library whose construction is in
progress.

Another main objective of BIOMEX is to test survival in extra-terrestrial conditions of
selected extreme-tolerant/extremophilic lithobionts, such as bacteria, meristematic black
fungi and lichens grown on Mars and Lunar regolith analogues.

Among the selected organisms, the cryptoendolithic black fungus Cryomyces antarcticus
CCFEE 515, from the McMurdo Dry Valleys in Antarctica, is an excellent eukaryotic

model due to its exceptional stress resistance and ability to grow inside the rock. Its survival
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in dried conditions after 18 months of exposure to actual space outside of the ISS, as well
as to simulated Mars conditions in space, which was recently demonstrated, gave new
insights to the Litho-Panspermia theory (transfer of life between neighbor planets within a
meteorite) (Onofri et al., 2012).

On July 24™ 2014 the EXPOSE-R2 facility (Fig. 2.1): was launched onboard a Russian
Progress cargo spacecraft (Fig. 2.2) from the Baikonur Cosmodrome, Kazakhstan to the

ISS and mounted outside the ISS Zvezda module.

Fig. 2.1 BIOMEX launch on July 24" 2014,

The EXPOSE-R2 facility carried BIOMEX, along with the Biofilm Organisms Surfing
Space (BOSS), Photochemistry on the Space Station (PSS) and an experiment from the
Russian Institute of Biomedical Problems (IBMP).

This work focuses on the preparatory ground-based EVTs (Experiment Verification Tests)
which include space and Martian simulations, performed on C. antarcticus in support of

the actual space exposure.
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Results give clues in searching for life in future Mars exploration missions (de Vera et al.,

2012) in detecting putative biosignatures.

2.2 Material and methods

2.2.1 Fungal strain preparation

Cryomyces antarcticus CCFEE 515 was isolated by R. Ocampo-Friedmann from sandstone
collected at Linnaeus Terrace (Southern Victoria Land) by H. Vishniac, in the Antarctic
expedition 1980-81.

For the EVT tests, cell suspensions were spread on MEA (malt extract agar: malt extract,
powdered 30 g/L; peptone 5 g/L; agar 15 g/L; Applichem, GmbH) in Petri dishes, mixed
with Antarctic sandstone (15 g/L), Lunar and Martian analogues (1 g/L), prepared to
optimize mineral/microorganisms interactions. Sandstone was the original substrate (OS)
for the test fungus, Lunar analogue (L) was constituted mainly of anorthosite (Mytrokhyn
et al., 2003) and two specific Martian analogues were composed of sulfatic Mars regolith
(S-MRS) and phyllosilicatic Mars Regolith (P-MRS), simulating late basic Mars and early
acidic Mars surface lithosphere composition, respectively (Bottger et al., 2012). Mars
analogue composition was developed and produced by the Naturkundemuseum Berlin,
according to the data of Mars research missions (Bibring et al., 2005; Chevrier and Mathé
et al., 2007; Poulet et al., 2005). Colonies were grown at 15 °C for 3 months. Disks, cut to
fit within the wells of exposure carrier (12 mm diameter) (Fig. 2.2b), were drilled under
sterile conditions.

Untreated samples, prepared as above and stored in the dark at room temperature, were
used as controls in all the tests performed.

Fig. 2.2 a) EXPOSE R2 Facility mounted outside the 1SS from October 22" 2014; b) 25
Microorganisms integrated in the sample carriers.



2.2.2 Tests facilities and exposure conditions

Ground-based simulations (EVTs) were performed using the Planetary and Space

Simulation facilities (PSI) at the Institute of Aerospace Medicine (German Aerospace

Center, DLR, KolIn, Germany). Tests were performed in triplicate and exposure conditions

were as reported in Table 2.1.

EXPOSE-R2 EVT part 1 exposure experiments

Test Parameters

Performed

Vacuum
Vacuum

Mars atmosphere
Mars atmosphere

Temperature min and max: —10 °Cto+45°C

Temperature min and max: —25°C/+60 °C

Irradiation
UVC (254 nm) irradiation with Hg low pressure lamp at 80
mwW/cm2

1 h, pressure 3.86 x 10-3 +0.12 Pa
7 h, pressure 8.50 x 10-5+0.12 Pa

1 h, pressure 6.08 x 102 + 0.12 Pa
7d, pressure 6.00 x 102 + 0.12 Pa

66 cycles
2h-10°C+1°C;2h+45°C

1h-25°C+05°C;1h+60°C+05°C

0J/m2

12's, 9.6 J/m2

2 min, 5, 96 J/m2

20 min, 50 s, 1000 J/m2
208 min, 20 s 10,000 J/m2

EXPOSE-R2 EVT part 2 exposure experiments

Test Parameters Performed
Irradiation 28d
dark 0 kJ/m

Polychromatic UV irradiation (200-400 nm) with
SOL2000 at 1271 Wm-2

5,5 x 10° kJ/m (7min 12 sec) (0,1%ND)

5,5 x 10° kI/m (1 h 12 min) (1%ND) (1 wd)
1,4 x 10° kJ/m (1 h 12 min) (1%ND) (1 wd)
2.7 x 105kd/m (30 h)(4 wd)(60 h)(9 wd)

5,5 x 10° ki/m (120 h) (18 wd @ 7 h /wd)

Table 2.1 Exposure conditions during the Experiment Verification Tests (EVTS).
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2.2.3 Survival Tests

Cultivation test

Survival of C. antarcticus was determined by its colony forming ability as percentages of
CFU (Colony Forming Units). For the test, three of the treated colonies was suspended in
1 mL of physiological solution (NaCl 0.9%), and diluted to a final concentration of 3,000
cells/mL, 0.1 mL of the suspension was spread on Petri dishes supplemented with MEA (5

replicates), incubated at 15 °C for 3 months and counted.

PMA assay

The test was performed by adding the Propidium MonoAzide (PMA, Biotium, Hayward,
CA) at a final concentration of 200 uM to 1-2 re-hydrated fungal colonies. PMA penetrates
only damaged membrane cells, crosslinks to DNA after light exposure and thereby prevents
Polymerase Chain Reaction (PCR).

Following DNA extraction and purification, quantitative PCR (Biorad CFX96 real time
PCR detection system) was used to quantify the number of fungal Internal Transcribed
Spacer (ITS) ribosomal DNA fragments present in both PMA treated and non-treated
samples. Five uL of purified genomic DNA (0.1 ng/ml) was added to 12 pL of PCR
cocktail containing 1X Power Sybr-Green PCR Master Mix (Applied Bios, Foster City,
CA), as well as NS91 forward (5°-gtc cct gcc ctt tgt aca cac-3°) and ITS51 reverse (5°-acc
ttg tta cga ctt tta ctt cct c-3°) primers, each at 5 pmol final concentration. Sterile water was
added to reach the final volume of 25 pL. These primers amplify a 203 bp product spanning
the 18S/ITS1 region of rRNA encoding genes.

A standard Q-PCR cycling protocol, consisting of a denaturation steps at 95°C for 2 min,
followed by 35 cycles of denaturing at 95 °C for 30 s, annealing at 55 °C for 30 s, and
elongation at 72 °C for 30 s, was performed. Fluorescence measurements were recorded at
the end of each annealing step. After forty cycles, a melt curve analysis was performed by
recording changes in fluorescence as a function of raising the temperature from 60-90 °C
in 0.5 °C per increments. All tests were performed in triplicate.

Statistical analyses

For multiple data points, the calculation of the mean and standard deviations were

performed. Statistical analyses were performed by one-way analysis of variance (Anova)
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and pair wise multiple comparison procedure (Tukey test), carried out using the statistical
software SigmaStat 2.0 (Jandel, USA).

2.2.4 DNA extraction and PCR analyses

DNA was extracted from rehydrated colonies, using Nucleospin Plant kit (Macherey-
Nagel, Duren, Germany) following the protocol optimized for fungi.

ITS and LSU amplification were performed using BioMix (BioLine GmbH, Luckenwalde,
Germany) adding 5 pmol of each primer and 20 ng of template DNA at final volume of 25
uL. The amplification was carried out using MyCycler Thermal Cycler (Bio-Rad
Laboratories GmbH, Munich, Germany) equipped with a heated lid.

The rDNA regions were amplified as follows: for the ITS region the first denaturation step
at 95 °C for 2 min was followed by denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, extension at 72 °C for 30 s and for the LSU region the first denaturation step at 95 °C
for 3 min was followed by denaturation at 95 °C for 45 s, annealing at 52 °C for 30 s,
extension at 72 °C for 3 min. The last three steps were repeated 35 times, with a last
extension 72 °C for 5 min for ITS and 7 min for LSU. Primers ITS5, ITS4 (White et al.
1990), LR5 and LR7 (Vilgalys and Hester 1990) were employed to amplify ITS and LSU

rDNA portions, respectively.

2.2.5 Random amplification of polymorphic DNA assay

RAPD was performed using BioMix (BioLine GmbH, Luckenwalde, Germany) adding 5
pmol of the primer and 1 ng of template DNA at final volume of 25 pL. The primer used
for RAPD was GGA7 (GGA GGA GGA GGA GGA GGA GGA) (Kong et al., 2000). The
conditions for amplification were: first denaturation step at 94 °C for 2 min followed by
denaturation at 94 °C for 20 s, annealing at 49 °C for 60 s, extension at 72 °C for 20 s. The

last three steps were repeated 40 times, with a last extension 72 °C for 6 min.

2.2.6 Transmission Electron Microscopy

Controls and UV-irradiated colonies were treated with 5% glutaraldehyde/cacodylate
sucrose buffer 0.1 M (pH 7.2) for 12 h at 4 °C, washed three times in the same buffer for 1
h each at 4 °C and fixed with 1% OsO4 + 0.15% ruthenium red in 0.1 M cacodylate buffer
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(pH 7.2) for 3 h at 4 °C. Samples were washed in distilled water (2 times for 30 min at 4
°C), treated with 1% uranyl acetate in distilled water for 1 h at 4 °C and washed in distilled
water (2 times, 30 min at 4 °C). Samples were then dehydrated in ethanol solutions: 30%,
50%, 70% (15 min each, at room temperature) and 100% EtOH (1 h at room temperature),
critical point dried and infiltrated in ethanol 100%: LR White series with accelerator, in
rotator, at 4 °C (2:1 for 3 h; 1:1 for 3 h, 1:2 overnight) and embedded in pure resin for 1
day and overnight; as final step, samples were included in pure resin in gelatinous capsule
for 2 days at 48-52 °C.

2.3 Results

2.3.1 Cultivation test

C. antarcticus retained the colony-forming ability after both EVT1 and EVT2 treatments.
In EVTL1 (Fig. 2.3) the fungus showed a similar trend of survival on all the substrates tested:
in general, survival decreased with increased UV-irradiation doses. Yet, colonies formed
even at the highest dose, 10.000 J/m?, where percentage of survival was 5%, 18%, 38%
and 46% in Lunar, Original Substrate, P-MRS and S-MRS analogues, respectively. The
fungus, grown on Martian analogues, was able to survive exposure to the Martian
atmosphere with no significant decrement on S-MRS with respect the control and almost
60 % of survival on P-MRS. Surprisingly, lower vitality was observed, for all substrates
tested, at -25 °C than at 60 °C.

In the EVT2 treatments (Fig. 2.4), a progressive increase of mortality was observed with
increasing of UV-irradiation doses, but 48%, 38% and 72% of germination was recorded
even at highest doses for colonies grown on Original substrate, S-MRS and P-MRS,
respectively. Colony-forming ability was maintained in most cases after EVT2 treatments;

the only exceptions was the highest irradiation in Lunar sample.
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Fig. 2.3 Cultural test after EVT1 treatments: Percentages of CFU’s of C. antarcticus
on different substrates, relative to controls on the same substrate.Control (Ctr),
vacuum 7h (Vac), Martian atmosphere 7g (M atm), temperature cycles (TC),
minimum temperature (-25 °C), maximum temperature (+60 °C), irradiation at
different intensities (0, 10, 100, 1000 and 10,000 J). Significant differences were
calculated by Tukey test with * = p > 0.05. and ** = p > 0.001.

Vitality, specifically, the integrity of the plasma membrane, was also tested through PMA
assay on control and EVT2 samples treated with medium and maximum irradiation doses
for each substrate (Fig. 2.5). This test gave a higher percentage of possible survival
(measured as cells with intact membrane) compared to the results from the cultural test,
even at the highest dose; for instance, no colonies were recorded under Lunar conditions
but 35% was observed with PMA assay. No significant differences between treated

samples and control were obtained on P-MRS.
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Fig. 2.4 Cultural test after EVT2 treatments of C. antarcticus grown on
different substrates: CFU’s following exposure to UV light relative to controls
on the same substrate. Control (Ctr), increasing polychromatic UV irradiation
doses 1: 1.5x10%, 2: 1.5x10% 3: 1.5x10°, 4: 5.0x10°, 5: 8.0x10°kJ/m?. The
statistical analyses were performed as Figure 2.3.
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Fig. 2.5 Results of PMA assay coupled with gPCR after EVT2 treatments in a selection
of samples (Samples correspond with those in Fig. 4): A: Percentages of C. antarcticus
cells with damaged membrane B: Percentages of C. antarcticus cells with intact
membrane. The statistical analyses were performed as in Figure 2.3.
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2.3.2 DNA damage

The integrity of genomic DNA in treated samples was tested by assessing its ability to
serve as a PCR template both after EVT1 and EVT2 treatments.

All the EVT2 samples were analyzed, while for EVTL, on the basis of colony forming
results, only samples exposed at maximum treatments were chosen: Temperature Cycles,
Vacuum 7h, Martian atmosphere 7d, maximum dose of UV (254 nm) irradiation at 10*J/mz.
Amplifications worked out for all the gene-lengths in EVT1 (Fig. 2.6a, b, c) and EVT2
(Fig. 2.7a, b, c) exposed samples. A reduced intensity of PCR bands was evident in panel
¢, with the largest gene length, in Lunar EVT1 samples exposed to 10,000 J/m? (Fig. 2.6c,
Lane L 10%) and for colonies grown on S-MRS at the highest dose of UV (>200 nm)
irradiation in EVT2. Although there was an overall decrease in band intensity, mainly for
the highest molecular weight (MW) bands (about 2200 bp) the RAPD profiles were well
preserved in all samples both after EVT1 and EVT2 treatments (Fig. 2.6d, 2.7d),

demonstrating a good preservation of the whole genomic DNA.
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Fig. 2.6 Increasing detrimental effect of EVT1 treatments on the DNA integrity of genes of
different lengths a) ITS rRNA gene (ITS5-1TS4 primers)(700bp) b) LSU rRNA gene (ITS5-LR5
primers) (1600bp). c) LSU rRNA gene (ITS5-LR7 primers) (2000 bp). d) RAPD profile of C.
antarcticus. Treatments were as follows: Control, Thermal Cycles (TC), Vacuum (VAC) and 10*
J/mz2, Positive PCR Control (CTRL POS), Negative PCR Control (CTRL NEG), DNA ladder (M).
Substrates: OS, Original Substrate; L, Lunar; SM, S-MRS; PM, P-MRS.
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Fig. 2.7 Increasing detrimental effect of EVT2 treatments on the DNA integrity on genes of different
lengths a) ITS rRNA gene (ITS5-ITS4 primers) (700bp). b) LSU rRNA gene (ITS5-LR5 primers)
(1600bp). ¢) LSU rRNA gene (ITS5-LR7 primers) (2000 bp). d) RAPD profile of C. antarcticus after EVT2
treatments. Order as follows: DNA ladder (M), irradiation (sample correspondence as for Fig. 2.3), Control
(CTR). Substrates: OS, Original Substrate; L, Lunar; SM, S-MRS; PM, P-MRS.

2.3.3 Ultrastructural Damage

Ultrastructural damage in C. antarcticus cells was observed by TEM. The samples treated
at the highest irradiation dose of EVT2, for which the effect on vitality and DNA damage
were evident (Fig. 2.8) were compared with laboratory controls

Control cells maintained mostly an intact cell membrane and a well-organized and defined
cytoplasm after dehydration (Figs. 2.8a, c, e, g, i). By contrast, the majority of cells in the
irradiated samples showed extended damage with irregular shapes, damaged cell walls,

discontinuous cell membranes and a compromised organization of the cytoplasm (fig. 2.8b,
d, f, h,j).
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Fig. 2.8 TEM micrographs. Untreated (CTR) and treated
(maximum irradiation of EVT2, 8.0x10% kJ/m?) microcolonies of
C. antarcticus on sandstone (OS) (a, b); Lunar (L) (c, d); S-MRS
(e, f); P-MRS CTR (g, i) Unirradiated (a,c,e,g,i) and irradiated
(b,d,f,h,j) respectively. The structure of the cytoplasm was not
conserved in many cases in the irradiated samples, the organelles
are not visible (b, d, f, white arrows) and the continuity of the cell
membrane (f, black arrow) and of the cell wall (b, d, black arrow)
interrupted. The irradiated cells were better preserved in colonies
cultivated on P-MRS where the structure of mithocondria were
still well discernable (j, white arrow).
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2.4 Discussion

Ground-based simulations, EVT1 and EVT2, performed in the frame of the BIOMEX
experiment currently on-board the EXPOSE-R2 platform fixed outside the ISS, were
preliminary experiments to validate samples for the space mission. One of the aims of the
project was to study dried cells of C. antarcticus, grown on lunar regolith analogue rocks
and two Mars regolith analogue mixtures, to test survival as well as DNA and ultra-
structural damage.

Although a reduced survival was observed after exposure to the most stressing parameters,
C. antarcticus retained some colony forming ability after UV irradiation as well as after
simulated treatment with other outer space stressors. These results were confirmed by TEM
observations showing that, in addition to cells showing ultrastructural damage after the
highest irradiation dose, a number of cells were still in good condition (not shown), which
agrees with the survival rate recorded in the colony forming assays. The main damaging
factors of the EVTs were UV irradiation and temperature cycles. C. antarcticus survival
was higher after +60 °C than after -25 °C treatment. The surprising ability of this
psychrophilic fungus to tolerate very high temperatures was previously observed, when it
was found to retain 100% survival after exposure to 1 h at 90 °C (Onofri et al. 2008).
Survival was high even under simulated Mars atmosphere and vacuum since more than
50% of colonies developed in all cases. If survival was comparable in the irradiated
samples on Martian analogues, values were different on the two substrata when the fungus
was exposed to Martian atmosphere: no significant decrement was recorded on S-MRS
with respect the control whereas here was less than 60 % of survival for P-MRS (Fig. 2.3).
This apparently incongruent result is difficult to explain and requires additional
investigations.

Most samples showed a higher percentage of apparent survival in PMA assays as compared
to colony forming tests. This apparent inconsistency may be due to the coincidental
preservation of cell membrane integrity in cells that have lost the ability to multiply that
have, preventing PMA to penetrate and react with DNA; this could have led to an
overestimation of vitality in some cases, i.e. Lunar sample. The membrane may be less
susceptible to damage than DNA or the DNA replication enzymes under some of these

conditions. Similar results were reported by Bryan et al. (2015) who also obtained higher
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values with the indirect XTT assay method with respect the clonogenic approach for testing
survival for irradiated fungal cells of Cryptococcus neoformans. Data obtained in Lunar
sample (8x10° kJ/m?), where survival was 35% in PMA assay compared to zero in cultural
test, may be due to the loss of the ability to multiply in some cells where UV treatment
caused extensive molecular damage, since UV targets more specifically the DNA rather
than the membrane.

It is worth noting that the highest survival, both from cultural analysis and PMA assay, was
obtained for C. antarcticus grown on P-MRS; the same fate was recently reported for the
mycobiont of Buellia frigida suggesting a protective role of the substratum (Meef3en et al.,
2015). The same authors observed that the highest viability was obtained when the lichen
was exposed on the original rock substratum. Differently, in the frame of BIOMEX
experiment, Baqué et al. (2014) reported a higher survival of the cyanobacterium
Chroococcidiopsis when mixed with S-MRS regolith. These contrasting results led us to
conclude that a possible protective role of the analogues is difficult to be sustained for now
and needs to be further studied. Our results clearly demonstrate the high resistance of C.
antarcticus to all EVT treatments, including exposure to vacuum, simulated Mars
atmosphere, and different doses of monochromatic (254 nm) and polychromatic (>200 nm)
UV radiation.

Further studies on C. antarcticus in the last ground tests (Science Verification Test, SVT)
are still in progress and will clarify the real role of substrates in the protection; it was
suggested that survival in space could benefit from the shielding provided by melanin.
Melanin is a biological macromolecule mainly known for its protective role against UV,
extreme temperatures, desiccation and osmotic stress (Sterflinger 2006; Plemenitas et al.
2008). The high tolerance to UV-B exposure of single cells of black fungi has been reported
by Onofri et al. (2007b). It is known that melanin strongly absorbs UVB, UVA, and PAR,
thereby protecting fungi and lichens against those stressors (Nybakken et al., 2004, Meelen
et al., 2013b). Moreover, it was observed that melanized fungal spores, in addition to
resistance to UVR, even resist y-ray and X-ray treatment better than melanin-deficient ones
(Bell and Wheeler, 1986) suggesting a role for this pigment in radioprotection of fungi
(Henson et al., 1999; Dadachova et al., 2007). In this study, the presence of either Martian

and Lunar analogues did not affect molecular analyses since genomic DNA was

36



successfully extracted and amplified even from samples that had lost the ability to form
colonies. In agreement with what is reported in the literature, PCR band intensity decreased
mainly in the highest molecular weight fragments in single-gene PCR (Atienzar et al.,
2002). However, most of the amplicons were still obtained even at highest doses of UV-
irradiation and RAPD profiles were well preserved in all samples. This surprisingly high
DNA resistance to UV-irradiation, if protected by screening pigments, the outer cell
envelop or a dust layer, suggests DNA as a possible biosignature candidate in future
exploration missions (Lyon et al., 2010). Of course its resistance to UV-radiation needs to
be proved over much longer timescales.

It is worth noting that ancient DNA was actually recovered on Earth from samples between
400 thousand and 1.5 million years old (Sankaranarayanan et al., 2014); it was also
postulated that present Mars conditions (in terms of dryness and low temperatures) may
even preserve ancient DNA much better than Earth conditions (Sephton, 2010) with a
theoretical preservation of a 100 bp fragment of DNA along a timescale of 3.4 x 10° years
at -50 °C and 3 x 10 years at -110 °C at the Martian polar ice caps (Willerslev et al.,
2004). Moreover, some specific conditions could improve the long-term preservation of
ancient DNA in halite crystals, permafrost, amber depositions and marine sediments
(Panieri et al., 2010). Of course, some other damaging factors, such as ionizing radiation
(Hassler et al., 2014) and oxidative environments (Yen et al., 2000; Hecht et al., 2009) on
Mars, must be taken into consideration; but our simulation experiments suggest that we
may have a good chance to reveal the presence of DNA, in present, in putative
extraterrestrial samples, by using some low-specificity based approach such as random
primers (as for RAPD) or non-specific staining such as orange acridine or non-toxic ones
such as gel red and sytox green.

2.5 Conclusions

C. antarcticus is an astonishingly resistant fungus, able to withstand even long term
exposure to actual Space conditions (Onofri et al., 2012); the present study proved that the
fungus survives space simulated stressors even when grown on extraterrestrial rock
analogues. The awareness that a terrestrial microbe may survive extraterrestrial conditions

is an important clue in searching for life on other planets, above all on Mars. Many efforts
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are now devoted to the definition of proper biosignatures to detect whether life was ever
present in an extraterrestrial sample from a putatively habitable region. Our results show
that genomic DNA can be successfully extracted even in the presence of Martian or Lunar
analogues; the ease of isolation and detection are key characteristics for a suitable
biosignature, and optimizing the extraction is an important challenge in detecting
biomarkers (Aerts et al., 2014). PCR was also successful and amplifications were obtained
for most of the genes even at a length of up to 2000 bp; this was regardless of the treatments,
revealing a high DNA persistence. Further analyses on samples treated in more stressing
ground based experiments (SVT) or exposed to actual space conditions in the frame of the
BIOMEX experiment, will provide further information on the detectability of this molecule
and its suitability as biomarker in future exploration missions. Studies are in progress to
define additional biomolecules to be used as good biomarkers using non-destructive
approaches as Raman and Infrared spectroscopies, according to the instruments available

on ExoMars.
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Chapter 3

3 BIOlogy and Mars Experiment: responses of the black fungus
Cryomyces antarcticus to the EXPOSE-R2 Science Verification Test

Abstract

The B1Ology and Mars Experiment (BIOMEX) is part of the ESA space mission EXPOSE-
R2 in Low Earth Orbit (LEO). In the frame of this international and interdisciplinary
experiment, dried colonies of the Antarctic cryptoendolithic black fungus Cryomyces
antarcticus CCFEE 515, grown on Martian and Lunar analog regolith pellets, were exposed
for 1.5 years to LEO space and simulated Mars conditions on the International Space
station (ISS). In preparation for this mission, several preflight tests, Experiment
Verification Test (EVT) and Science Verification Test (SVT), were performed to
investigate the space mission candidate organisms’ resistance to space stressors, the
potential interference of extraterrestrial rock analogues on fungal survival and the detection
of biomolecules as potential biomarkers. The present results demonstrate that C. antarcticus
was able to tolerate the conditions of the SVT experiment, regardless of the substratum
where it was grown. DNA demonstrated high stability after treatments and it was
confirmed as a possible biosignature molecule, while melanin, a molecule chosen as a
target for biosignature detection, was impossible to unambiguously detect by Raman

spectroscopy.

Keywords: Astrobiology, Radiation resistance, Biosignatures, Extremophilic

microorganisms, Raman spectroscopy.

Pacelli, C., Selbmann L., Zucconi L., Coleine C., de Vera J.P., Rabbow E., Dadachova E.,
Bottger U., and Onofri S. BIOlogy and Mars Experiment: responses of the black fungus
Cryomyces antarcticus to the EXPOSE-R2 Science Verification Test. (under Revision in

Astrobiology).
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3.1 Introduction

One of the main scientific challenges for our time is to answer the question whether life
ever existed, or still exists on Mars or on other planets or satellites. The related question of
“habitability” is another challenge to investigate (Horneck et al., 2016). As reviewed by
Cockell et al. (2016), the investigation of the origin of life on Earth, its persistence on the
planet since it appeared, and the search for evidence of life on other planets sheds light on
the conditions that permit life.

Astrobiologists strive to understand the limits of habitability and to define the requirements
for metabolic activity and reproduction in planetary environments (Cockell et al., 2016).
A second main focus in astrobiology is the definition of significantly distinguishable
biosignatures, i.e. molecules indicating the presence of putative extinct or even extant life
(de Vera et al.,, 2012; Horneck et al., 2016). Melanins are promising biosignature
candidates: they are distributed among all the kingdoms of life suggesting an early
emergence in the course of evolution. Melanins confer on organisms a number of useful
characteristics, allowing them to adapt to extreme environments. In addition to tolerance
to heat, cold, extreme pH, UV radiation, heavy metals, salt and dryness (Gadd and de Rome
1988; Gunde-Cimerman et al., 2000; Gorbushina et al., 2008; Onofri et al., 2008; Selbmann
et al., 2008, 2011; Sterflinger et al., 2012), many melanized fungi are highly radiation
resistant, requiring radiation doses exceeding 5 kGy to reduce cell survival to 10%, roughly
1000-fold higher than the lethal dose for humans (Dadachova and Casadevall, 2008).
Melanins also possess unique physical, chemical, paramagnetic and semi-conductive

properties (Meredith and Sarna, 2006) acting as possible energy harvesting pigments
(Dadachova et al., 2007; Gessler et al., 2014). This double role of protection and energy
transduction may have been crucial for microbes in the early history of life on Earth, when
radiation was higher than today.

Extreme environments on Earth, previously thought to be incompatible with active life, are
perfect models for studying the limits of life and habitability. Among them, the McMurdo
Dry Valleys in Antarctica are the coldest hyper-arid desert environments on Earth (Cowan
et al., 2014) and represent a terrestrial analog of Mars. In this location, where the
environmental conditions limit the colonization of rocky surfaces, endolithic life, and

cryptoendolitic in particular, is the predominant life-form, (Friedmann, 1982), representing
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the last chance for life before extinction (Friedmann and Weed, 1987). Recently, the
geographical limits for endolithic life in the Victoria Land were defined (Zucconi et al.,

2016). Endolithic communities are of astrobiological significance because putative life on
Mars may have adopted an endolithic habitus before its potential extinction, when
conditions of the Red Planet become harsher and harsher (Friedmann, 1986).

Our astrobiological model organism, the cryptoendolithic black fungus Cryomyces
antarcticus CCFEE 515, from the McMurdo Dry Valleys, is able to resist extreme and long
term desiccation, a wide temperature fluctuation, and high doses of radiation (Onofri et al.,
2004; 2008; 2012; 2015; Selbmann et al., 2011).

For all these reasons, it is an excellent eukaryotic model for astrobiological space research

and was already selected for the LIFE experiment where it survived outside the ISS in dried
conditions, exposed to space for 18 months (Onofri et al., 2012). In the frame of the same
experiment, it was also exposed to simulated Martian conditions (95% carbon dioxide,
ultraviolet >200 nm, and cosmic radiations. The results showed that C. antarcticus
maintained good viability, with minimal DNA damage (Onofri et al., 2015).
C. antarcticus is one of the microorganisms selected for the BIOMEX experiment and it
was exposed for 1.5 year outside the ISS on the EXPOSE R2 facility. This project is one
of the EXPOSE-R2 mission astrobiology experiments, launched on July 23", 2014. The
organisms were exposed outside the ISS until February 3™, 2016, when samples were
retrieved from the outside platform of the Russian Svezda module to the inside of the ISS,
awaiting return to Earth, which occurred on June 18™, 2016.

BIOMEX aims to test the resistance and stability of biomolecules, as well as the endurance
of selected extremophiles under space and Mars-like conditions (de Vera et al., 2012). In
particular, the experiment aims to define a list of reliable biosignatures (biomolecules
including pigments) and to build up a biosignature database. To mimic real planetary
conditions, microorganisms were grown on lunar regolith analogue rocks like anorthosite
(Mytrokhyn et al., 2003) and on two Mars regolith analogue mixtures, namely
Phyllosilicatic Mars Regolith Simulant (P-MRS) and Sulfatic Mars Regolith Simulant (S-
MRS); the latter reflect two separate evolutionary epochs associated with environmental
changes on Mars (Bottger et al., 2012). In preparation for the mission, several preflight

tests were performed to test and select the most promising organisms for this
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astrobiological experiment, to optimize the sample preparation and to improve the
hardware integration procedures; EVT and SVT tests were used to assess the resistance of
selected organism to the abiotic stressors experienced under space and Mars-like
conditions. The results of the EVT tests, simulating the Martian atmosphere, the extreme
temperatures, vacuum and UV radiation, showed a high survival rate of C. antarcticus, as
well as the preservation of the fungal DNA (Pacelli et al., 2016).

In the present study, we report and discuss the results of the last set of experiments, the
SVT, a dress rehearsal of the mission as planned, providing a combination of simulated
space vacuum and UV radiation and simulated Martian conditions. The post-exposure
viability was tested by both cultural and molecular methods as previously and successfully
applied on samples of the EVTs (Pacelli et al., 2016). Ultrastructural damage was
investigated by Transmission Electron Microscopy (TEM) and metabolic activity was
evaluated by the use of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT assay, Kuhn et al., 2003). After exposure to the
SVT conditions, the detectability of melanin, our target biosignature molecule, was
checked by Raman spectroscopy.

3.2 Materials and Methods
3.2.1 Organisms and culture conditions

Cryomyces antarcticus CCFEE 515 was isolated by R. Ocampo-Friedmann from sandstone
collected at Linnaeus Terrace (Southern Victoria Land) by H. Vishniac, in the Antarctic
expedition 1980-81.

For the SVT tests fungal cells were grown for three months at 15°C on malt extract agar
(MEA) Petri dishes mixed with Antarctic sandstone, which is the Original Substrate (OS),
and with Lunar analogues (L), which mainly consists of anorthosite. To mimic two distinct
Martian soil compositions representing soil from two different Martian epochs, colonies
were grown on the Sulfatic Mars Regolith (S-MRS) and Phyllosilicatic Mars Regolith (P-
MRS) Simulants, respectively. The mineral compositions are reported in Table 3.1 and all
samples were prepared in order to maintain their integrity in the exposure facility EXPOSE

R2, according to the optimized protocol reported in Pacelli et al. (2016).
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Table 3.1 Mineralogical composition of Sulfatic and Phyllosilicatic Mars Regolith
Simulants (S- and P-MRS) and Lunar Analog Anorthosite (Lunar) in weight/volume %
(modified from Bottger et al., 2012).

S-MRS P-MRS Lunar
mineral weight (%) mineral weight (%) mineral Wfol/g)ht

gabbro 32 montmorillonite 45 plagioclase 67

gypsum 30 chamosite 20 volcanic slag 10

dunite 15 quartz 10 diopside 9

hematite 13 iron(l11)-oxide 5 hypersthenes 6

goethite 7 kaolinite 5 olivine 6

quartz 3 siderite 5 apatite 1
hydromagnesite 5 illmenite 1
gabbro 3 iron 1
dunite 2

3.2.2 Ground-based simulations

Like the EVT, the SVT tests were performed at the PSI at the Institute of Aerospace
Medicine (German Aerospace Center, DLR, Kdln, Germany).

Basically, SVT were designed to ensure that all samples were prepared and suitable for
hardware integration for the conditions experienced during the mission and for post-flight
de-integration. The EXPOSE R2 ground hardware and the scheme of samples
accomodation are reported in Figure 2.3a, b.

To simulate space-like test conditions, the samples grown on OS and L analogues were
exposed to vacuum (10 Pa) and cycling temperatures between -25 °C (16 h in the dark)
and + 10 °C (8 h during irradiation). In parallel, Mars test parameters were simulated by
low temperature (- 25 °C), Mars atmosphere (95.55% CO3, 2.70% N2, 1.60% Ar, 0.15%
02, ~ 370 ppm H20, Praxair Deutschland GmbH), and Mars-like pressure of 10° Pa for S-
MRS and P-MRS analogues. All conditions were simulated for a period of 28 days.
Additionally, the upper layer sample sets (TOP) were irradiated with UVR, by using the
solar simulator SOL2000 applying a total fluence of 5.5x10° kJ m. The applied fluency
corresponds to one year of exposure outside the ISS, as estimated from previous EXPOSE
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data and simulations (Rabbow et al., 2012) and the use of Neutral Density filter as planned
for the real mission.

Below, an identical set of samples (BOTTOM) was kept in the dark and experienced all
simulation parameters except UVR exposure. Controls (CTR) were kept at DLR in the
dark, at room temperature. The exposure conditions are summarized in Table 3.2 and the
experimental setup and sample accommodation are shown in Figure 3.1 a, b. For SVTs,
the real space accommodation plan was followed and only one replicate per sample was

consequently possible.

Table 3.2 Exposure conditions during the Science Verification Tests (SVTSs).

Test parameter Duration

Vacuum 10 Pa + UV irradiation, 28 d
polychromatic 200-400 nm, Fluence 5,5 x 10° kJm? | SOL2000
120 h* (18 wd @ 7 h/wd)

Simulated CO, Mars atmosphere 10° Pa + UV 28 d

irradiation, polychromatic 200-400 nm, Fluence 5,5 | SOL2000

x 10° kJm?2 120 h* (18 wd @ 7 h\/wd)
Control experiment, 1 atm air, dark, room 28 d

temperature

= SPACE: vacuum,
radiation

MARS: Martian
=atmosphere, 2 200 nm|

BOTTOM treatment and sample accomodation.
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3.2.3 Survival assessment

Cultivation test

After re-hydratation for 3 days in 1 mL of physiological solution (NaCl 0.9%), the treated
colonies were diluted to a final concentration of 50,000 cells/mL and 0.1 mL of suspension
was spread on Petri dishes supplemented with MEA (5 replicates). Plates were incubated
at 15 °C for three months and CFUs (Colony Forming Units) counted.

PMA assay

The test was performed by adding the Propidium MonoAzide (PMA, Biotium, Hayward,
CA) at a final concentration of 200 uM to re-hydrated fungal colonies. PMA penetrates
only damaged membrane cells, crosslinks to DNA after light exposure and thereby prevents
Polymerase Chain Reaction (PCR). DNA extraction, purification and quantitative PCR,
used to quantify the number of fungal Internal Transcribed Spacer (ITS) ribosomal DNA
fragments present in both PMA treated and non-treated samples, were performed according
to Onofri et al. (2012). Before gPCR, DNA was quantified using QUBIT system and
diluted at the same concentration (2 ng/mL). All tests were performed in triplicate.
Determination of metabolic activity by XTT assay

Colorimetric assay of cellular viability, namely XTT assay, was performed according to
the protocol in Kuhn et al. (2003); the XTT is converted to a coloured formazan in the
presence of cell metabolic activity. After SVT treatment colonies of C. antarcticus were
re-hydrated in 1 mL of Malt Extract (30 gr/L). After 10 days fungal cells were washed,
suspended in PBS and placed into 96 well plates, 3 wells for each condition. The XTT
assay was performed adding 54 uL XTT(10mg/ml)/menadione (2mM) to each well. Plates
were covered with foil and incubated, in agitation, at room temperature (24°C). Formazan
product in the supernatant was detected by measuring the optical density at 492 nm
(Labsystem Multiskan, Franklin, MA) after 2, 3, 4 and 12 hours of incubation.

Statistical analyses

Means and standard deviations were calculated. Values obtained for each analogue (OS,
L, S-MRS, P-MRS) were normalised to each control, respectively. Statistical analyses were
performed by one-way analysis of variance (Anova) and pair wise multiple comparison
procedure (Tukey test), carried out using the statistical software SigmaStat 2.0 (Jandel,
USA).
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3.2.4 DNA damage revealed by PCR-based assays

DNA was extracted from rehydrated colonies, using Nucleospin Plant kit (Macherey-
Nagel, Diren, Germany) following the protocol optimized for fungi (Onofri et al., 2012).
Before amplification, DNA was quantified using QUBIT system and diluted at the same
concentration (2 ng/mL).

ITS and LSU amplification were performed using BioMix (BioLine GmbH, Luckenwalde,
Germany) adding 5 pmol/ng of each primer and 20 ng of template DNA at final volume of
25 pulL. RAPD was performed using BioMix (BioLine GmbH, Luckenwalde, Germany)
adding 5 pmol of the primer and 1 ng of template DNA at final volume of 25 uL. The
primer used for RAPD was GGA7 (GGA GGA GGA GGA GGA GGA GGA) (Kong et al.,
2000). The amplification was carried out using MyCycler Thermal Cycler (Bio-Rad
Laboratories GmbH, Munich, Germany) equipped with a heated lid.

ITS, LSU and RAPD amplification conditions were as reported in Pacelli et al. (2016).
Band intensity was measured and compared by using ImageJ software (Schneider et al.,
2012).

3.2.5 Evaluation of cell integrity through Transmission Electron Microscopy

After re-hydration, control and TOP colonies were prepared for Transmission Electron
Microscopy, according to the protocol in Pacelli et al. (2016) and the image acquisition
was performed at the Center for High Instruments, Electron Microscopy Section of

University of Tuscia (Viterbo, Italy).

3.2.6 Raman Confocal Spectroscopy

Raman measurements were performed in the Astrobiology-Raman-Lab at the DLR
Institute of Planetary Research (Berlin) with a confocal Raman microscope (Witec

alpha300 R system, http://www.witec.de/en/products/raman/alpha300r/) at room

temperature under laboratory atmospheric conditions, according to the optimizations made
by Bottger et al. (2012). The Raman laser excitation wavelength was 532 nm, which is the
value proposed for the Raman Laser Spectroscopy instrument on ExoMars, and the surface
laser power of 1 mW, was a compromise between measurement time in the lab and the

RLS irradiance values (Hutchinson et al., 2014). The spectral resolution of the spectrometer
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was 4-5 cm L. A Nikon 10x objective was used to focus the laser on a 1.5 pm spot. A
spectral calibration was performed by using Raman measurements of a pure silicon test

sample and paracetamol.

3.3 Results

3.3.1 Survival: Cultivation and PMA tests

Germination ability was not significantly different on the controls of each analogue (OS,
L, S-MRS, P-MRS) compared to data obtained on Malt Agar alone, suggesting that
substrates do not exert any reliable toxic effect (data not shown). C. antarcticus retained
significant-colony-forming ability after SVT treatments (Fig. 3.2), showing a similar trend
of survival in all the substrates tested.

In general, radiation clearly represent an additional stress to the cell respect to the vacuum
or Mars atmosphere alone of BOTTOM samples. For example, a decrease of 22% of the
vitality was measured in BOTTOM OS (Vacuum only) compared to OS control, and an
additional decrease of 25%, compared to the BOTTOM, was recorded for TOP samples
(Vacuum plus radiation). Similar trends were obtained for L (same conditions) and P-MRS
(Mars atmosphere BOTTOM and plus radiation TOP). Differently, for S-MRS samples no
statistically significant differences were observed either for BOTTOM or TOP treatments
compared to the control. Yet, for all substrates, a considerable capacity of germination was
still maintained; 44%, 23%, 88% and 57% of survival was recorded for colonies exposed
at TOP treatments grown on OS, L, S-MRS and P-MRS, respectively.
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Fig. 3.2 Cultivation test after SVT treatments: percentages of CFU of C. antarcticus
on different substrates, relative to controls on the same substrate. Significant
differences were calculated by Tukey test with * = p > 0.05. and ** = p > 0.001.

Viability, specifically the integrity of the plasma membrane, was tested through PMA
treatment followed by qPCR (Fig. 3.3). The PMA test too indicated the TOP treatments,
including vacuum plus radiation (OS and L) and Mars atmosphere plus radiation (S-MRS
and P-MRS), as the most deleterious for the fungus, especially on OS and L; besides, a
higher percentage of viable cells (measured as cells with intact membrane) was observed
compared to the results of the cultivation test. No significant differences between treated

samples and control were obtained on S-MRS, corroborating the cultivation test.
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Fig. 3.3 Results of PMA assay coupled with gPCR after SVT treatments in colonies
grown on different substrates. A: percentages of C. antarcticus cells with damaged
membrane B: percentages of C. antarcticus cells with intact membrane. The
statistical analyses were performed as in Fig. 3.2.

3.3.2 Metabolic activity analyses

For the XTT analysis the most representative results were obtained after 4 hours and are

shown in Figure 3.4. The XTT activities decreased accordingly to the intensity of
irradiation from the BOTTOM to the TOP for colonies grown on OS, Lunar and P-MRS;
the sample Lunar TOP showed again the highest decrease. The fungus grown on S-MRS

retained the same metabolic activity (92%, no statistical difference from control) for
BOTTOM and a slight decrease (80%) in the TOP sample. All the results were again in

general agreement with the cultivation tests.
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Fig. 3.4 Effects of irradiation on C. antarcticus XTT reducing activity after SVT
treatments. The statistical analyses were performed as Fig. 3.2.

3.3.3 DNA damage

The integrity of genomic DNA in treated samples was tested by assessing its ability to
serve as a PCR template after SVT treatments. All the amplifications worked out for the
ITS and LSU region (Fig. 3.5a-c). In particular, for the 700 bp gene length, a reduced
intensity of PCR bands was recorded in TOP samples, except for S-MRS (SM in Fig. 3.5a),
where the gel analyses measured around 85% relative density of the band both for TOP
and BOTTOM samples (Fig. 3.5a). For the 1600 bp gene length the disappearance of the
sole Lunar TOP sample was observed (Fig. 3.5b). For 2000 bp fragments the band
disappearance of Lunar and P-MRS (PM in Fig. 3.5) TOP samples was recorded and 3%
of band intensity was obtained for OS TOP sample, besides around 85% of intensity was
still maintained in TOP and BOTTOM S-MRS samples (Fig. 3.5¢). The RAPD profiles
were preserved in all the conditions tested (Fig. 3.5d). A reduction of intensity was
measured for L and P-MRS TOP samples only, demonstrating an overall good preservation
of the whole fungal genomic DNA.
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Fig. 3.5 Assessment of the DNA damage on C. antarcticus after SVT treatments; single gene PCR a) 700
bp; b) 1600 bp; c) 2000 bp and d) RAPD complete genomic fingerprinting. DNA ladder (M), Positive PCR
Control (CTR POS), Negative PCR Control (CTR NEG). Substrates: OS, Original Substrate; L, Lunar; SM,
S-MRS; PM, P-MRS.

3.3.4 Ultrastructural Damage

TEM observations were performed on samples of the TOP samples, exposed to the highest
UVR doses, where the effects on vitality and DNA damage were the most pronounced
compared to the laboratory controls (Fig. 3.6). The ultrastructural damage in the cells of C.
antarcticus was visible in all the irradiated samples, mostly in terms of loss of coherence
and organization of the cytoplasm and cell membrane integrity. This was particularly
evident in OS and L samples where the organelles were not visible in some cases and cell
membranes were discontinuous (Fig. 3.6b, d, arrows). The same damage was also observed
in P-MRS and S-MRS samples but to a lesser extent in terms of number of cells involved,
particularly for the latter (Fig. 3.6f, h, arrows). These results are again consistent with data
coming from the previous tests where the colonies grown on S-MRS were less affected by
the treatment.
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Fig. 3.6 TEM micrographs. Untreated (CTR) and treated (TOP
samples) microcolonies of C. antarcticus on sandstone (OS)
(a, b); Lunar (L) (c, d); S-MRS (e, f); P-MRS CTR (g, h); not
irradiated (a, c, e, g) and irradiated (b, d, f, h) samples,
respectively.
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3.3.5 Raman Spectroscopy

As for TEM, the Raman spectroscopy was performed on samples treated with TOP

treatment and laboratory controls only. Minerals from the analogues and melanins from the

fungal colonies were well detectable both in control samples (results not shown) and

irradiated samples (Fig. 3.7). In particular the Raman spectrum of melanin in C. antarcticus

was identified on irradiated samples on OS, S-MRS and P-MRS substrates (Fig. 3.7a, b,

¢). The melanin specific Raman peaks were 1349 cm™ and 1599 cm™ (Fig. 3.7d). On the

other hand, the irradiated Lunar samples gave a high fluorescence, so that any other peaks,

including melanin, which might be there, were undetectable (Fig. 3.7e, f).

Melanin

i intensity [arbitrary units)

Rama:

tensity [arbitrary units]

Raman intensity [arbitrary units|

Fig. 3.7 Melanin Raman spectra (d, peaks 1349 cm™ and 1499 cm™) obtained from C.
antarcticus grown on OS, S-MRS and P-MRS at maximum irradiation (respectively a,
b and c) on selected point. Not detectable spectra of melanin from Lunar irradiated
sample (e, f). Measurement time and number of spectra per point on sample were (10s,
5 x).
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3.4 Discussion

The study of microbial communities adapted to the harshest conditions on Earth, and the
assessment of limits for life on our own planet, could help in getting insights into the
potential for other worlds to support life, and determining whether life, as we know it, may
exist elsewhere in the galaxy (Saffary et al., 2002). In this work, we investigated the ability
of the extremophilic black fungus C. antarcticus to survive and resist stressing conditions,
simulating the space and Mars-like environment, experienced during the pre-flight tests
SVT of the BIOMEX experiment. In order to mimic the real conditions in space, fungal
colonies were exposed to the stressors expected over a year of exposure outside the ISS, as
estimated from Rabbow et al. (2012), and also were grown on Lunar and Martian rock
analogues.

The described experiments aimed to investigate fungal resistance in term of survival,
metabolic activity, DNA integrity and ultrastructural damage. After exposure, fungal
survival was assessed both by testing the colony forming ability and gPCR coupled with
PMA. The metabolic activity and the ultrastructural damage were analyzed by XTT assay
and TEM, respectively, to corroborate the survival results. The preservation of
biosignatures, namely DNA and melanins, was evaluated by using PCR-based assay and
RAMAN spectroscopy.

The results revealed good viability after the SVT treatments. None of the conditions tested
caused complete inhibition of growth or metabolic activity, with a higher viability under
Mars-analogue conditions compared to space vacuum and irradiation. The highest
resistance was obtained from colonies grown on S-MRS analogues, where we did not
record any statistical difference between treated sample, both TOP and BOTTOM,
compared to the controls. Previous ground-based experiments, namely EVTs in the frame
of BIOMEX too, showed the highest survival of Buellia frigida and C. antarcticus when
grown on P-MRS analogues (Meel3en et al., 2015; Pacelli et al., 2016), while Baqué et al.
(2013) and Johnson et al. (2011) reported a higher survival of the cyanobacterium
Chroococcidiopsis sp. when mixed with S-MRS regolith. Overall, these results are of
utmost importance, indicating that none of the analogues seems really to interfere with the
survival of the biological models we are using for checking the limits of life and the quest
for checking the habitability of other planets like Mars.
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TEM observations were performed after the treatment to gain insight into the potential
damage to the ultrastructure. The ultrastructural analyses confirmed the survival results;
even if some injured cells were undoubtedly present in the treated samples, intact cells
were also observed and were more frequent in S-MRS, where the survival and metabolic
activity was the highest.

These results were consistent with the analyses on DNA damage. Amplicons were obtained
in almost all samples for the shortest length analyzed. The disappearance of DNA was
recorded only for Lunar and P-MRS TOP samples and still 3% of band intensity was
obtained for OS TOP; yet, the fingerprinting analyses were successful for all samples,
showing a good preservation of the whole genome. These findings were in accordance to
the previous analyses performed in the EVT ground-tests, in the frame of BIOMEX (Pacelli
et al., 2016), and further support the use of DNA, an unequivocal proof of life, as a
biosignature. In fact, the DNA extraction was efficient even for colonies grown on regolith
analogues with no interference in the PCR reactions. Recent discoveries of nucleic acids
or their precursors within meteorites (Martins et al., 2008; Schmitt-Kopplin et al., 2010;
Callahan et al., 2011; Cooper et al., 2011) and in interstellar space (Hollis et al., 2000)
could steer the development of life toward these biomolecules. Thus, it makes sense to
search for RNA or DNA based life within potential habitable zones and on Mars. New
approaches to search for life in the universe for the ExoMars mission include Polymerase
Chain Reaction (PCR)-based methods for targeting ribosomal RNA genes and DNA
sequencing (Isenbarger et al., 2008; Carr et al., 2013) are e.g. also one possibility to be
used for the search for life.

Previous studies of C. antarcticus have demonstrated this organism’s high capacity to
resist, when dehydrated, the extreme stresses of simulated space and Martian conditions
exposure (Pacelli et al., 2016), real space exposure (Onofri et al., 2012, 2015) and high
doses of ionizing radiation up to 55.81 kGy (Pacelli, unpublished data). The key factor
allowing microorganisms to survive extreme environmental conditions is anhydrobiosis
(Crowe et al., 1992; Billi et al., 2000; Kranner et al., 2008); for melanized fungi this
protective function is undoubtedly supported by the abundant presence of melanin in the
outer cell wall layers (Gorbushina, 2003). Radiation-resistant melanized fungi can even

survive in contaminated nuclear reactors (Zhdanova et al., 2000).More recently, it was
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demonstrated that both melanized Cryptococcus neoformans and Cryomyces antarcticus
strains showed higher survival after high acute radiation doses under physiological
conditions, compared to the non-melanized strains (Pacelli, unpublished data). The high
viability of the fungus in the present study can be - at least partially - explained by the
anhydrobiotic and resting state of the fungus and by the presence of melanin in cell walls.
How long they might retain their viability in the interplanetary environment remains a
guess for now and challenge for the future; the analyses of real space experiments would
give new insights.

We decided to use Raman Spectroscopy to detect the presence and persistence of melanin,
our target molecule as a potential a potential biosignature, after SVT exposure since a
Raman spectroscope is among the miniaturized facilities planned as part of the Pasteur
payload in the ESA-Roscosmos ExoMars mission (Vago et al., 2006). We used anorthosite
(Mytrokhyn et al., 2003; Kozyrovska et al., 2006), the main component of lunar regolith,
to simulate real exposure of putative biosignatures to an extraterrestrial environment and
P-MRS and a S-MRS analogues, reflecting minerals formed during the Noachian (Early
Mars) and Hesperian/Amazonian (Late Mars), respectively (Bottger et al., 2012; de Vera
et al., 2012). We performed a set of measurement along strict intervals of time and number
of repetitions in order to optimize the detection of minerals and biological markers and to
reduce the disturbing effect of cosmic rays (Bottger et al., 2012). We obtained the mineral
spectra in the tested sample (results not shown). Melanins were dominant in the spectrum
gained from fungal colonies. We obtained melanin spectra both for CTR and TOP samples
of OS, P-MRS and S-MRS; however the melanin peaks were too similar to amorphous
carbon, 1352 cm™ and 1613 cm™ (Bottger et al., 2012), and this made it impossible to
distinguish the presence of our target unambiguously. The Raman approach on Lunar
irradiated samples was further affected by presence of high fluorescence, covering all
Raman peaks, including melanin. The same problem with high fluorescence in Lunar
regoliths after irradiation was already observed in other experiment within BIOMEX
(Bagué M., personal communication). Moreover, it was already reported that radiation
might lead to degradation of Raman biosignatures (Dartnell et al., 2012). The effect of
fluorescence of minerals on Raman spectra points out the need for taking into account their

geological and chemical characteristic when developing biosignature databases.
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3.5 Conclusions

As a preparative phase of the BIOMEX experiment of the EXPOSE-R2 space mission
onboard the ISS, dried cells of C. antarcticus CCFEE 515 were mixed with lunar and
Martian regolith analogues and exposed to simulated Mars and space conditions. Results
demonstrated that C. antarcticus retains metabolic activity and is even capable of forming
colonies, after SVT treatment on extraterrestrial regolith analogues without significant
DNA or ultrastructure damage. These results are essential to substantiate and validate the
analyses from space exposed samples.

The high resistance of this fungus justifies its use in a space experiment to test its responses
in situ to the real conditions of outer space. It is expected that it will be capable of coping
with the complex space environment and simulated Martian conditions. DNA has been
proposed as a valid biosignature, while the use of Raman Spectroscopy with parameters
foreseen for the Exomars mission is inadequate to analyze melanin. Further investigation
on this is necessary to derive the appropriate parameter set for Raman spectroscopy of
melanin. Future analyses to search for biosignatures on our samples will focus on gas
chromatography mass spectrometers, as it is one of the miniaturized facilities for the

Pasteur payload of the ExoMars mission.
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Chapter 4

4 STARLIFE V: Survival, DNA integrity and ultrastructural damage in
Antarctic cryptoendolithic eukaryotic microorganisms exposed to

ionizing radiation

Abstract

Life dispersal between planets, planetary protection and searching for biosignatures are
main topics in astrobiology. Under the umbrella of STARLIFE project three Antarctic
endolithic microorganisms, the melanized fungus Cryomyces antarcticus CCFEE 515, a
hyaline strain of Umbilicaria sp. (CCFEE 6113, lichenized fungus), and a Stichococcus sp.
strain (C45A, green alga), were exposed to high doses of space relevant gamma radiation
(®°Co), up to 117.07 kGy. After irradiation survival, DNA integrity and ultrastructural
damage were tested. The first was assessed by clonogenic test; viability and dose responses
were reasonably described by the linear-quadratic formalism. DNA integrity was evaluated
by PCR and ultrastructural damage was observed by Transmission Electron Microscopy
(TEM). The most resistant among the tested organisms was C. antarcticus both in term of
colony formation and DNA preservation. Besides, results clearly demonstrate that DNA
was well detectable in all the tested organisms even if microorganisms were dead. This
high resistance provides support for the use of DNA as possible biosignature during the
next exploration campaigns. Implication in planetary protection and contamination during

long-term space travel are put forward.

Keywords: Biosignatures, ionizing radiation, DNA integrity, eukaryotic microorganisms,

fingerprinting, Mars exploration.
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4.1 Introduction

The priority for Mars Science Laboratory (NASA), ExoMars (ESA) and for the next
Mars exploration missions is the search for organic molecules as biosignatures to indicate
the presence of putative extinct or even extant life. A task force is planned to explore the
Martian surface and subsurface and even to bring back Martian samples to Earth for
comprehensive analyses (Bada, 2001). Therefore, a key step for interpretation of future
data is to shed light on the possibility of preservation of organic matter in Martian
environment and space.

DNA sequences of halophilic archaea, 22,000 to 34,000 years old, can be detected in
crystals of halite from Death Valley, California. PCR-based approaches detected DNA in
even older halites, 10°® to 108 years old (Sankaranarayanan et al., 2014), while microbial
nucleic acids hundreds of millions of years old were obtained from Siberian and Antarctic
permafrost (Willerslev et al., 2004). The surface of Mars is continuously exposed to high
levels of cosmic radiation because the planet lacks a thick atmosphere and a global
magnetic field and ionizing radiation is deleterious for both survival and persistence of
molecular biosignatures such as DNA (Dartnell et al., 2007). The effect of ionizing
radiation on biological systems has to be taken into consideration when analyzing the
survival of microorganisms and looking for stable biosignatures. Deleterious effects of
radiation on DNA and other biological molecules can be induced either directly or
indirectly; the energy can be absorbed directly by the key biomolecules, such as protein or
nucleic acids. Alternatively, the energy can be absorbed first by other molecules, producing
a radiation-induced radical which secondarily damages the biosignatures.

Several studies are addressed to test both microbial survival and persistence of
biosignatures following irradiation. A comprehensive review of microorganisms survival
in space has been published (Horneck et al., 2010), dealing with microbial survival under
different extreme conditions. A great deal of interest in astrobiology has recently been
devoted to different biomolecules, including DNA, to establish a suitable biosignature.
Recent studies proved the persistence of both carotenoids and DNA to polychromatic UV
irradiations (Baque et al., 2016), while eukaryotic DNA remained well detectable after both
polychromativ UV irradiaton and cosmic rays in real space conditions (Pacelli et al., 2016,
Onofri et al., 2015). The STARLIFE Project (Moeller et al., 2016, in press) aims to
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characterize the effect of ionizing radiation of astrobiological relevance on different
microorganisms. In this frame, we analyzed survival, ultrastructural damage and DNA
persistence at different ®°Co irradiation doses, in three eukaryotic models from Antarctic
cryptoendolithic communities, widespread in the Antarctic desert of the McMurdo Dry
Valleys, the closest Terrestrial analogue for Mars. Our models were: (i) Cryomyces
antarcticus CCFEE 515, a black fungus, (ii) a hyaline fungus, strain CCFEE 6113, related
to the lichenized genus Umbilicaria, and (iii) Stichococcus sp. strain C45A, a green alga.
C. antarcticus, in particular, was already selected in the past for astrobiological studies for
its exceptional stress resistance and long-term survival when exposed to actual space
conditions and simulated Martian conditions in space (Onofri et al., 2012, 2015). From
October 2014 to February 2016, C. antarcticus was exposed anew on the EXPOSE-R2
platform, outside the International Space Station, in the frame of the BIOMEX project (de
Veraet al., 2012). Less information are available on the resistance of the selected alga and
Umbilicaria sp. Photosynthetic organisms are known to be very sensitive to ionizing
radiation since they can directly interfere with photosynthesis along with other metabolic
functions (Kovacs and Keresztes, 2002). Algal cells in Cladonia verticillata treated with
10,000 Gy ionizing radiations showed cytoplasmic breakup in 20-30% of cells and altered
growth (de la Torre, this issue). Besides, both an Antarctic strain of Stichococcus sp. and
a lichenized hyaline ascomycete were isolated from rocks colonized with cryptoendolithic
communities after long-term permanence in outer Space (Scalzi et al., 2012). The responses
of taxonomically and functionally distant organisms to the same treatment in terms of
survival and DNA persistence is of astrobiological significance giving indication on

resistance to some space parameters and searching for biosignatures.

4.2 Materials and Methods
4.2.1 Samples preparation

Three different eukaryotic models from Antarctic cryptoendolitic communities were
chosen for testing the effect of ionizing radiation: (i) Cryomyces antarcticus CCFEE 515,
an Antarctic cryptoendolithic black yeast-like micro-colonial fungus isolated from
sandstone collected at Linnaeus Terrace (McMurdo Dry Valleys, Southern Victoria Land),
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Antarctic expedition 1980-81. The fungus was described by Selbmann et al. (2005) as new
genus and species endemic for the Antarctic. (ii) A sterile hyaline fungus CCFEE 6113,
hyphae 2.5-3.0 pm diam. Based on ITS, SSU, and LSU ribosomal DNA sequences
comparison it belongs to a possible new species in the lichen genus Umbilicaria; (iii) a
green one-celled alga, with nearly cylindrical cells, 11-12x5.0 um, strain C45A; the
BLASTN analysis based on ITS and SSU sequences indicated this strain as a new species
in the genus Stichococcus. Both the Umbilicaria sp. and Stichococcus sp. were isolated
from sandstone collected in the McMurdo Dry Valleys, Antarctica during the Italian
expedition 2010-2011.

Samples were prepared as follows: cell suspensions (1000 CFU) were spread on Petri
dishes of MEA medium (malt extract agar: malt extract, powdered 30 g/L; peptone 5 g/L;
agar 15 g/L; Applichem, GmbH). C. antarcticus was incubated at 15 °C for 3 months,
Umbilicaria sp. at 25 °C for 1 month and Stichococcus sp. at 15 °C for 1 month. Once
grown, colonies were dried under laminar flow in a sterile cabinet overnight and then

irradiated.

4.2.2 Tests facilities and exposure conditions

Dried samples were exposed to y-radiation from a ®°Co source (y-rays at 1.17 MeV, low
LET of 0.3 keV/um). The doses were reported in Table 4.1. Irradiation was performed at
the Institute of Aerospace Medicine (German Aerospace Center, DLR, Koln, Germany).
Tests were performed in triplicate.

Table 4.1 Gamma radiation doses applied for each sample.

Sample Applied/received doses
DLR Lab control non-irradiated
Transport control non-irradiated

Irradiated sample 0Co: 6.66 kGy
Irradiated sample 80Co: 12.72 kGy
Irradiated sample 80Co: 19.04 kGy
Irradiated sample 80Co: 27.15 kGy
Irradiated sample 0Co: 55.81 kGy
Irradiated sample 0Co: 81.11 kGy
Irradiated sample 80Co: 117.07 kGy
Positive control non-irradiated wet sample
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4.2.3 DNA extraction and PCR reactions

DNA was extracted from colonies, rehydrated in 1 pL of physiological solution for 48h,
using Nucleospin Plant kit (Macherey-Nagel, Diren, Germany) following the protocol
optimized for fungi (Selbmann et al., 2014a).

ITS, LSU and SSU amplifications were performed using BioMix (BioLine GmbH,
Luckenwalde, Germany) adding 5 pmol of each primer and 20 ng of template DNA at final
volume of 25 uL. The amplification was carried out using MyCycler Thermal Cycler (Bio-
Rad Laboratories GmbH, Munich, Germany) equipped with a heated lid. The fungal rDNA
regions were amplified according to Selbmann et al. (2011). For Stichococcus sp. the SSU
regions of different lengths (500, 1000 and 1500 bp) were amplified using NS1-NS2, NS1-
NS4 and NS1-18L, respectively. Conditions for amplification were: first denaturation step
at 94 °C for 3 min followed by denaturation at 94 °C for 45 s, annealing at 55 °C for 60 s,
extension at 72 °C for 3 min. The last three steps were repeated 40 times, with a last
extension at 72 °C for 5 min. Gene lengths amplified, primer pairs and primer sequences
for each test organism are reported in Table 4.2 and Table 4.3.

Band intensity was measured and compared by using Image J software (Schneider et al.,
2012).

Table 4.2 rDNA region lengths and relative primer pairs.

Samples DNA region Primers

ITS (700 bp) ITS4-1TS5

Cryomyces antarcticus LSU (1600 bp) ITS5-LR5
LSU (2000 bp) ITS5-LR7

ITS (700 bp) ITS4-1TS5

Umbilicaria sp. LSU (1600 bp) ITS5-LR5
LSU (2000 bp) ITS5-LR7

SSU (500 bp) NS1-NS2

Stichococcus sp. SSU (1000 bp) NS1-NS4
SSU (1500 bp) NS1-18L

62



Table 4.3 Primer sequences.

Primers Sequence (5'->3") References

ITS4 TCCTCCGCTTATTGATATGC White et al., 1990

ITS5 GGAAGTAAAAGTCGTAACAAGG White et al., 1990

LR5 TCCTGAGGGAAACTTCG Vilgalys et Hester, 1990
LR7 TACTACCACCAAGATCT Vilgalys et Hester, 1990
NS1 GTAGTCATATGCTTGTCTC White et al., 1990

NS2 GGCTGCTGGCACCAGACTTGC White et al., 1990

NS4 CTTCCGTCAATTCCTTTAAG White et al., 1990

18L CACCYACGGAAACCTTGTTACGACTT Hamby et al., 1988).
(GGA), GGA GGA GGA GGA GGA GGA GGA Kong et al., 2000

OPA 13 CAGCACCCAC Ho etal., 1995

4.2.4 Random amplification of polymorphic DNA (RAPD) assay

For both fungi, the RAPD protocol was according to Selbmann et al. (2011). For
Stichococcus sp. the protocol was optimized, using OPA13 primer, as follow: first
denaturation step at 94 °C for 4 min followed by denaturation at 96

°C for 30 s, annealing at 49 °C for 60 s, extension at 72 °C for 30 s. The last three steps

were repeated 40 times, with a last extension at 72 °C for 6 min.

4.2.5 Clonogenic assay

Microorganisms survival was determined by measuring colony forming ability as
percentages of CFU (Colony Forming Units). For the test, three of the treated colonies
were rehydrated for 72h in 1 mL of physiological solution (NaCl 0.9 %), and diluted to a
final concentration of 3000 cells/mL; 0.1 mL of the suspension was spread on Petri dishes
supplemented with MEA (5 replicates). C. antarcticus was incubated at 15 °C for 3 months;
Umbilicaria sp. was incubated at optimal growth temperature (25 °C) for three weeks; the
alga was incubated at 15 °C temperature (temperature of isolation) for 1 month exposed to
light 24h/day. After incubation the colonies were counted. Means and standard deviations

were calculated. Statistical analyses were performed by one-way analysis of variance
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(Anova) and pair wise multiple comparison procedure (Tukey test), carried out using the
statistical software SigmaStat 2.0 (Jandel, USA).

The dose responses for clonogenic survival were modeled by the linear-quadratic (LQ)
formalism, which is a simple mechanistically-plausible radiobiological model (Sachs et al.,
1997; Brenner et al., 1998). According to this model, the cell surviving fraction S (relative
to un-irradiated controls) can be described by the following equation, where d is radiation

dose and o and r rare adjustable parameters:
— _ _ (&) 42
S =exp(—ad (T)d ) 1)

Parameter o is a linear dose response term, and parameter r quantifies the quadratic dose
response component: low values of r generate a strongly “downwardly curving” dose
response (on a log scale). Best-fit values of a and r were found by maximizing the log-
likelihood for the binomial distribution where the number of plated cells represented the
number of “trials” and the number of observed colonies represented the number of
“successes” (Shuryak et al., 2016). Uncertainties (95% confidence intervals, Cls) for
parameter values were estimated by profile likelihood.

4.2.6 Ultrastructural damage

After re-hydration, controls and colonies irradiated with maximum irradiation dose (117.07
kGy) were prepared according to the protocol reported by Pacelli et al. (2016). TEM
observations were performed using a JEOL 1200 EX Il electron microscope at the Center
for High Instruments, Electron Microscopy Section of University of Tuscia (Viterbo).
Micrographs were acquired by the Olympus SIS VELETA CCD camera equipped the
ITEM software.

4.3 Results

4.3.1 DNA integrity

The integrity of DNA template after ionizing irradiation was assessed by amplifying three
different gene lengths and by fingerprinting analysis.

Cryomyces antarcticus
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Amplicons were obtained both for ITS and for LSU regions, fragments of 700 bp, 1600 bp
and 2000 bp C. antarcticus DNA respectively, after irradiation treatments (Fig. 4.1a, b and
c). All bands were well preserved in 700 bp and 1600 bp gene length; the gel analysis for
ITS measured 100% relative density of the band till the highest irradiation dose while a
reduction ranging from 34% to 31% was measured in LSU from 55.8 to 117.07 kGy. For
2000 bp fragments a reduction up to 50% was measured starting from 19.04 kGy with a
progressive decrease; besides 20% of intensity was still maintained at 117.07 kGy (Fig.
4.1c). The RAPD profiles were mostly preserved in all the conditions tested with a visible
reduction of the highest MW band at the two last irradiation doses. Yet, a reduction was
also recorded at 27.15 kGy. (Fig. 4.1d).
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Fig. 4.1 Assessment of the DNA damage in C. antarcticus irradiated with gamma-rays doses (¢°Co); single
gene PCR a) 700 bp; b) 1600 bp; ¢) 2000 bp and d) RAPD genomic fingerprinting.

Umbilicaria sp.

All amplifications worked out for all the gene-lengths for Umbilicaria sp. (Fig. 4.2a, b and
C).

Band intensities were well preserved (round 100%) in 700 bp fragments with a relative
density reduction of 8% at highest dose only. In the LSU gene (1600 bp), a decrease of
23% in relative density was measured starting from 55.81 kGy and 50% was still measured
at maximum dose. For 2000 bp fragments the DNA was more affected by treatments and

almost no signal was present at maximum dose (round 1% only of relative density was
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maintained, Fig. 4.2c). The RAPD profiles were well preserved till 55.81 kGy, while the
disappearance of the highest molecular weight (MW) band was observed at 81.11 kGy and
117.07 kGy doses (Fig. 4.2d).
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Fig. 4.2 Assessment of the DNA damage Umbilicaria sp. irradiated with gamma-rays doses (°Co); single
gene PCR a) 700 bp; b) 1600 bp; ¢) 2000 bp and d) RAPD genomic fingerprinting.

Stichococcus sp.

The effect on single genes on DNA of the alga was tested using three different lengths of
the SSU portion of ribosomal genes: perfectly visible single bands were obtained at all the
exposures (Fig. 4.3). Band intensities were well preserved (round 100%) for the shortest
gene lengths, while a reduction up to 50% was measured for the medium gene length
starting from 55.81 kGy till the maximum dose applied (Fig. 4.3a, b). The highest effect
was observed for the longest genes where a decrease of 88% was measured at 55.81 kGy
and an almost complete disappearance of the band at 117.07 kGy where 5% only of band
relative intensity was recorded (Fig. 4.3c). The RAPD profiles preserved in all the
conditions tested excepted for an intensity reduction of the highest MW band starting from
27.15 kGy onward (Fig. 4.3d).
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Fig. 4.3 Assessment of the DNA damage in Stichococcus sp. irradiated with gamma-rays doses (®°Co);
single gene PCR a) 500 bp; b) 1000 bp; ¢) 1500 bp and d) RAPD genomic fingerprinting

4.3.2 Clonogenic survival

The cultivation tests indicated that the melanized C. antarcticus maintained the highest
capacity to multiply after the irradiation treatment with no statistically significant decrease
after the first irradiation dose; a progressive decrease was observed until 55.81 kGy where
12% survival was still maintained (Fig. 4.4a). Umbilicaria sp. showed a statistically
significant decrease in CFU formation at the first irradiation dose already; in general CFU
declined more rapidly with the increase of irradiation compared to C. antarcticus; 20% of
survival was still present at 27.15 kGy but a few colonies were still recorded at 55.81 kGy
already (Fig. 4.4b). Stichococcus sp. resulted much more sensitive to the treatment with a
reduction of CFU to 63% at the first irradiation dose. The decrease of survival was rather
sharp with a few colonies at 27.15 kGy already (Fig. 4.4c). The data and LQ model fits to
clonogenic survival dose responses for all three organisms are shown in Fig. 4.4d. The LQ
model described the data reasonably — substantial discrepancies between best-fit model
predictions and observed data occurred only at high doses/low surviving fractions for each
organism. This probably occurs because the LQ model is a simplified approximation of
more detailed DNA repair models (Sachs et al., 1997; Brenner et al., 1998) and, therefore,
its accuracy tends to decrease at high doses/low surviving fractions (Garcia et al., 2006;
Kirkpatrick et al., 2008).
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C. antartcticus was the most radioresistant of the tested organisms (Fig. 4.4d), and its best-
fit dose response parameters were: a = 6.92 (95% Cls: 5.57, 8.28) 10 kGy!, r = 11.03
(8.39, 14.0) kGy. Umbilicaria sp. was somewhat more sensitive, and had a more strongly
curved dose response shape: a = 2.39 (95% Cls: 0.00, 5.07) x107° kGy!, r = 1.21 (0.51,
2.74) kGy. Stichococcus sp. was the most sensitive: a = 34.17 (95% Cls: 28.98, 39.40) 10
$kGy?, r=10.60 (8.22, 13.50) kGy.
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Fig. 4.4 Clonogenic test after ionizing irradiation (%°Co), CFU% of a) C. antarcticus, b)
Umbilicaria sp., ¢) Stichococcus sp. Significant differences were calculated by Tukey test with
** = p > 0.001. d) Clonogenic survival for C. antarcticus (CA), Umbilicaria sp. (Hy) and
Stichococcus sp. (Al). Symbols represent data points, and error bars represent 95% Cls. Curves
represent LQ model fits.

4.3.3 Ultrastructural damage

Fig. 4.5 shows the ultrastructural damage observed by TEM in samples exposed at
maximum doses compared to untreated controls. All the control cells (Figs. 4.5a, c, €)

maintained cell membrane and wall integrity with a well organized cytoplasm even after
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dehydration. Irradiated samples of C. antarcticus showed a number of empty cells and
dispersed cell wall fragments (Fig. 4.5b, white arrows); besides, some cells maintained an
appreciable membrane integrity even if suvival was not observed in clonogenic test (Fig.
4.5b, dark arrow). Damaged cells were present in both the irradiated Umbilicaria sp. and
Stichococcus sp., with broken cells discharging cytoplasm (Fig. 4.5d, white arrow) and
irregular shaped cells with disorganized cytoplasm, (Fig. 4.5f), respectively.

Figure 45 TEM micrographs; comparison of untreated colonies
(controls) and colonies irradiated at maximum gamma-irradiation
dose (117.07 kGy). C. antarcticus a) control, b) irradiated;
Umbilicaria sp. c) control, d) irradiated; Stichococcus sp. €) control,
f) irradiated.
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4.4 Discussion

The survival capacity and DNA damage of organisms in space is of high astrobiological
significance to speculate life dispersal between planets, planetary protection and searching
for biosignatures.

In the frame of the STARLIFE consortium, which aims to compare the response of
different astrobiological model systems to different types of ionizing radiation, three
eukaryotic cryptoendolitic Antarctic microorganisms were irradiated, while dried, with
high ionizing irradiation doses of gamma-rays, representing part of the galactic cosmic
radiation spectrum.

Survival, ultrastructural damage and DNA stability were tested by cultivation test, TEM
observations and PCR approaches, respectively; the last was based on the fact that damaged
DNA is not suitable for amplification (Selbmann et al., 2011).

The black fungus C. antarcticus showed the highest survival ability both in terms of CFU%
and gamma-rays dose resistance; in fact 12% of survival was still recorded at 55.81 kGy
while Umbilicaria sp. and Stichococcus sp. were barely able to multiply at 55.81 and 27.15
kGy, respectively. Even the LQ model applied to analyze the survival dose responses
confirmed the highest radio resistance of C. antarcticus among the tested organisms (Fig.
4.4d). None of the tested organisms were able to multiply after maximum dose of
irradiation (117.07 kGy), confirming what observed with TEM, where a consistent
ultrastructural damage in all the irradiated test organisms was observed (Fig. 4.5). The
scattered intact cells in C. antarcticus (Fig. 4.5b) have most probably accumulated some
other damage limiting their vitality, since no growth was observed in samples irradiated at
maximum dose.

This higher survival is likely related to the conspicuous amount of melanin in the thick cell
wall of C. antarcticus (Fig. 4.4a) which presence confers to the fungus a notable capacity
to withstand ionizing radiation (Pacelli et al., unpublished data). Melanins in black fungi
are different types of high molecular weight pigments produced by enzymatic coupling of
phenolic units reported as 1,8-dihydroxynaphthalene (Kogej et al., 2004); they can play
many different roles in microorganisms because of their unique physical-chemical
properties. These pigments are responsible for the typical dark green to brown or totally

black colour of these fungi and confer them the ability to survive a number of different

70



external pressures, such as excessive heat or cold, extreme pH or osmotic conditions,
polychromatic UV radiation; melanins also seem to mediate tolerance toward metals
(Selbmann et al., 2014b). Many melanized fungi are also very radioresistant, requiring
radiation doses exceeding 5 kGy to reduce cell survival to 10% (Dadachova et al., 2008).
Such doses are roughly 1000-fold higher than the lethal dose for humans, showing that
extreme radioresistance is not limited to prokaryotes such as Deinococcus radiodurans,
and can be achieved by eukaryotic cells. Dadachova et al. (2007) even reported the
surprising results that low levels of gamma radiation even stimulate growth in melanized
fungi.

Stichococcus sp. resulted the most affected with a rapid decrease of survival even at the
lowest dose: no CFU were recorded starting from 55.81 kGy. This high susceptibility of
eukaryotic phototrophs was already reported for the photobionts of the lichen Circinaria
gyrosa showing a sudden reduction of photosynthetic activities at the same irradiation dose
(de la Torre, this issue).

The analyses on DNA stability confirmed the data observed in the cultivation test; C.
antarcticus DNA showed the highest stability maintaining 20% of band relative density
even at the maximum dose applied and the longest gene considered. The DNA of
Umbilicaria sp. was also well preserved but a relative density reduction of the bands was
already well visible in the second gene length tested (LSU) at high doses, while the SSU
amplicons completely disappeared at the maximum irradiation dose applied.

The most susceptible to the treatment was Stichococcus sp. showing a reduction up to 50%
for the medium gene length starting from 55.81 kGy and an almost complete disappearance
of the highest MW bands starting from 55.81 kGy.

Except for the disappearance of the highest MW bands at high irradiations, the RAPD
profiles were well preserved in all the tested organisms. These results are in concordance
with Atienzar et al. (2002) reporting that DNA damage is visible in highest molecular
weight amplicons first, because of the higher probability to accumulate mutations.
Notably in our experiments DNA could be easily detected in all the tested organisms even
after high irradiation treatment and even when microorganisms lost their viability and
ultrastructural damage is extended. A good biosignature for life detection must have both

high specificity and high intrinsic stability; DNA would provide unequivocal proof of the
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presence of extant life, or at least its presence in the recent past (Aerts et al., 2014). Here
we found that DNA has also a high intrinsic stability and that it could be regarded as
biosignature even after life extinction.

Previous criticisms of the use of such biosignatures asserted that life on other planets does
not have to be based on an exact replica of terrestrial DNA, and common gene sequences
used as primer targets for Earth organisms may not be present in extraterrestrial DNA
(Roéling and Head, 2005) making it difficult to detect putative extraterrestrial DNA. The
use of primers with very low specificity could overcome this problem, allowing the
amplification of short, repeated sequences of eukaryotic genome.

The discovery of nucleotide bases in the Murchison meteorite lends credence to the
possibility of life emerging on another planet and travelling via meteorite to Earth (Martins
etal., 2008). The detection of nucleobases in meteorites indicates that fundamental building
blocks of complex biopolymers are present beyond Earth and could potentially be involved
in the evolution of life on other planets (Aerts et al., 2014). There is a high potentiality to
spread material from one planet to another, due to the large number of meteorites within
our solar system, theoretically paving way for an interplanetary ancestor of all life
(Mileikowsky et al., 2000a, 2000b).

One concern is the life-span of biomolecules. The timescales that DNA can persist in the
fossil record are still debated although lifetimes of at least several tens of thousands to a
hundred thousand years (Lindahl, 1993; Wayne et al., 1999) are generally accepted (Aerts
et al., 2014). Critics assume that reports of ancient DNA dating from millions of years ago
are the result of flawed experiments or contamination (Paabo et al., 2004; Willerslev et al.,
2004). Nonetheless, certain conditions, such as halite crystals, permafrost and marine
sediments, could improve the conservation of ancient DNA (Sankaranarayanan et al.,
2014).

The low temperatures in space, of about 80 K, reduce DNA breaks by half as compared to
ambient Earth temperatures (Lindahl, 1993), and the dry space environment preserves
DNA (Lyon et al., 2010). These findings encourage to postulate that the low temperatures
and dry conditions on Mars may better preserve DNA, even in long-term, than on Earth
(Kanavarioti and Mancinelli 1990; Sephton, 2010). Other studies on C. antarcticus DNA
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damage after exposure to Martian atmosphere demonstrated that fungal DNA was not
affected and remained perfectly detectable by PCR (Pacelli et al., 2016).

This preliminary study on survival and DNA resistance of eukaryotic extremophiles to
gamma radiation, which are part of the cosmic radiation spectrum, is a first step in the
investigation of the fate of microorganism and their biomolecules in space. Survival ability
of microorganisms to space conditions and radiations in particular is of great interest in
space biological research to evaluate potential contamination risks in the frame of planetary
protection. Fungi in particular are of high importance on one hand for their potentiality to
adapt to human body behaving as opportunists that could danger the health of the crew and,
on the other hand, for their strong metabolic and degradative abilities that could affect the

integrity of spacecraft materials in long-distant space journeys.
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Chapter 5

5 Melanin is effective in protecting fast and slow growing fungi from

various types of ionizing radiation

Abstract

Melanin is a ubiquitous pigment with unique physicochemical properties. The resistance
of melanized fungi to cosmic and terrestrial ionizing radiation suggests that melanin also
plays a pivotal role in radioprotection. In this study, we compared the effects of densely-
ionizing deuterons and sparsely-ionizing x-rays on two microscopic fungi capable of
melanogenesis, fast-growing Cryptococcus neoformans (CN) and slow-growing
Cryomyces antarcticus (CA); melanized and non-melanized counterparts were used as
comparison. CA was more resistant to deuterons than CN, and similar resistance was
observed for x-rays. Melanin afforded protection against high-dose (1.5 kGy) deuterons
for both CN and CA (p-values <10%). For x-rays (0.3 kGy), melanin protected CA (p-
values <10™) and probably CN. Deuterons increased XTT activity in melanized strains of
both species, while the activity in non-melanized cells remained stable or decreased. For
ATP levels the reverse occurred: it decreased in melanized strains, but not in non-
melanized ones, after deuteron exposition. For both XTT and ATP, the largest and
statistically-significant differences by melanization status occurred in CN. Our data show,
for the first time, that melanin protected both fast-growing and slow-growing fungi from
high doses of densely-ionizing charged particles under physiological conditions. These

observations may give clues for creating melanin-based radioprotectors.

Keywords: black fungi, melanin, ionizing radiation, deuterons, x-rays.
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5.1 Introduction

Melanin is a ubiquitous pigment in nature and possesses a variety of unique physical,
chemical, paramagnetic and semiconductive properties (Meredith and Sarna, 2006). The
melanin amount in C. neoformans and other melanized fungi constitute 10-15% of the
fungal cellular biomass dry weight (Wang et al., 1996; Revskaya et al., 2012). Many
melanized fungi are very radioresistant, requiring radiation doses exceeding 5 kGy to
reduce cell survival to 10% (Dadachova and Casadevall, 2008). Such doses are roughly
1000-fold higher than the lethal dose for humans, showing that extreme radioresistance is
not limited to prokaryotes such as Deinococcus radiodurans, and can be achieved by
eukaryotic cells. Moreover, since fungi are eukaryotes, the main features of their cellular
machinery share important similarities with the human counterparts; this makes them better
microbial models for human radiation responses, than prokaryotes. The resistance of
melanized fungi to cosmic radiation in Mir Spacecraft and the presence of numerous
melanized fungal species in the damaged nuclear reactor at Chernobyl suggest that
melanins also play a pivotal role in protection from ionizing radiation (Dadachova and
Casadevall, 2008, Vember et al., 1999, Novikova, 2004).

During the last decade, some important insights into the interaction of fungal melanin with
ionizing radiation have been reported. One of the studies indicated that the radioprotective
properties of fungal melanin result from a combination of physical shielding, chemical
composition, spherical arrangement and free radical quenching (Dadachova et al., 2008)
and another demonstrated that irradiation of melanin alters its oxidation-reduction potential
(Turick et al., 2011). Radiotropism, the propensity of fungi to grow towards a radiation
source was described in the late 1990-s (Vember et al., 1999). Since then the increased
growth of melanized fungi was demonstrated after irradiation with y-rays and x-rays
(Dadachova et al., 2007; Robertson et al., 2012; Shuryak et al., 2014) and y-rays have been
shown to alter the electronic properties of melanins (Dadachova et al., 2007; Robertson et
al., 2012; Shuryak et al., 2014; Khajo et al., 2011). In addition, recent transcriptomic
investigation revealed that ionizing radiation stimulates protein biosynthesis with input
from melanin (Robertson et al., 2012). The radioprotective properties of melanins are of
high interest for a number of different potential applications, from the development of

novel and effective radioprotective materials for saving cancer patients undergoing
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radiation therapy from the side effects of ionizing radiation treatment to astronauts
protection from space radiation in manned space missions. Data confirm that
radioprotective properties of fungal melanins can be exploited in mammalian systems; in
fact, it was recently reported that internal administration of melanin protected mice against
experimental lethal irradiation (Revskaya et al., 2012; Schweitzer et al., 2010; Kunwar et
al., 2012; Rageh et al., 2014).

Most research on radioresistance mechanisms and radioprotection involves the use of high-
energy photons (y- and x-rays) which are sparsely ionizing, so that energy deposition and
ionizations are relatively randomly distributed throughout the irradiated material (Sachs et
al., 1997). However, more recently, densely ionizing high-energy protons and heavy ions
which produce a definitive dense track of radiation events in their path (Stewart et al., 2011,
Hada and Georgakilas, 2008) are attracting interest in both radiation oncology field and
space radiation protection in manned space missions (Durante, 2014). In this study, we
compared the effects of highly ionizing deuterons and sparsely ionizing x-rays on two
microscopic fungi capable of melanogenesis—pathogenic basiodiomycete forming an
induced DOPA-melanin Cryptococcus neoformans and slow-growing and space-resistant
environmental rock-inhabiting ascomycete sprouting a constitutive DHN-melanin
Cryomyces antarcticus (Onofri et al., 2012; Onofri et al., 2015). In this study we
investigated the effects of melanin on both fungal species exposed to both types of

radiation.
5.2 Material and Methods
5.2.1 Microorganisms

Cryomyces antarcticus CCFEE 515 was isolated by R. Ocampo-Friedmann from sandstone
collected at Linnaeus Terrace (Southern Victoria Land) by H. Vishniac, in the Antarctic
expedition of 1980-81. It has been supplied by the CCFEE, Mycological Section of the
Italian Antarctic Museum, (DEB, University of Tuscia, Italy). To obtain non-melanized
cells of C. antarcticus, tricyclazole [5-methyl-1,2,4-triazolo(3,4-b) benzothiazole] was
added to cultures for inhibition of the DHN-melanin pathway, at final concentrations of 10
mg/L, according to Cunha, 2005. Melanized and non-melanized C. antarcticus were grown
on MEA (malt extract agar: malt extract, powdered 30 g/L; peptone 5 g/L; agar 15 g¢/L;
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Applichem, GmbH) in Petri dishes for three months; then cells were transferred into
suspensions for three days before the irradiation. American Type Culture Collection
(ATCC, Rockville, MD) strain Cryptococcus neoformans H99 and its non melanized
laccase mutant deficient Lac(-) (kind gift from Dr. A. Idnurm, Duke University, NC) were
used in all experiments. C. neoformans was grown in Sabouraud dextrose broth (Difco
Laboratories, Detroit, MI) for 24 hrs at 30°C with constant shaking at 150 rpm. Melanized
C. neoformans cells were generated by growing the fungus in minimal medium with 1 mM

3,4-dihydroxyphenylalanine (L-dopa) for 5-10 days.

5.2.2 Irradiation conditions

Both x-ray and deuteron irradiations were performed at the Radiological Research
Accelerator Facility, Columbia University, New York. Fungal cell concentration was
adjusted to 107 per mL (C. antarcticus) and 108 per mL (C. neoformans) before the
irradiation. For x-rays, 1.3 mL of each strain were placed in 1.5 mL Eppendorf tubes for
each dose and subjected to 50 kVp x-ray irradiation at dose rate of 5 Gy/min. The deuteron
irradiations were performed in customized Mylar-bottom dishes at the dose rate of 1.2-2.5
Gy/sec and at Linear Energy Transfer (LET) of 40.8 keV/um. The doses and the dose rates
are described in Table 5.1. Shortly before irradiation, a small volume (30 ul) of culture
medium containing suspended fungal cells was applied to the center of the Mylar surface
within the dish, and a glass cover slip was floated on top of the liquid to ensure the
formation of a layer with uniform thickness. The dishes (up to 20 at a time) were placed
into an aluminum wheel, which was rotated by a computer-controlled motor at a rate
defined by the desired dose for each wheel (including zero dose as a control). As the wheel
was rotated, a beam of particles sequentially traversed each dish vertically from bottom to
top, through the Mylar film and through the overlying cell suspension.

Clonogenic survival assay. Survival of C. antarcticus and C. neoformans was determined
by measuring the number of colony forming units (CFUs) following treatment. After
irradiation C. antarcticus cells were suspended in 1.3 mL of PBS and diluted to a final
concentration of 5,000 cells/mL, and 0.1 mL of the suspension was spread on Petri dishes

supplemented with MEA (3 replicates), incubated at 15°C for 3 months and counted. The
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C. neoformans cells were diluted to 4,000 cells/ml, 0.1 ml was plated and the colonies were

counted after two to three days.

Table 5.1 Deuterons and x-rays radiation doses used in the study.

Deuterons Applied doses (Gy) | x-rays Applied doses (Gy)
0
0

LET: 40 KeV/um 50
Dose Rate: 2 250 Dose Rate: 5
Gy/sec Gy/min 150

500

1500 300

5.2.3 Mechanistic modeling of clonogenic survival data.

The most commonly used mechanistic model for the dose responses of clonogenic survival
of irradiated cells is a linear quadratic (LQ) model (Sachs et al., 1997; Brenner et al., 1998;
Hall and Giaccia, 2006). It has been quite successful at describing the data (particularly for
mammalian cells) and making robust predictions over a wide range of irradiation scenarios,
including dose fractionation or protraction (Brenner et al., 1998; Brenner et al., 2002).
However, there is growing evidence that the inducibility of some DNA repair pathways,
and the effects of inter- and intra-cellular signaling can alter the shape of the clonogenic
survival dose response, particularly at radiation doses where the damage is not lethal to the
majority of cells (Fernandez-Palomo et al., 2016; Xue et al., 2015; Coic et al., 2008; Singh
and Krishna, 2006; Bauchwitz and Holloman, 1990). The induced repair (IR) model
(Marples and Joiner, 1993) which assumes that cells become progressively more
radioresistant as radiation dose increases, is a convenient and mechanistically-plausible
approach for accounting for the effects of these factors on the survival dose response.
Although measurements of DNA damage repair are beyond the scope of the current study,
we applied the IR model to the clonogenic survival data for the purpose of quantifying the
dose responses for the tested organisms.

We chose the following parametrization for the IR model: linear dose response coefficients

for situations when repair and/or pro-survival signaling are fully induced (amin) Or not
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induced (omax), the dose dependence for the induction of repair and/or pro-survival
signaling (8), the quadratic dose response coefficient (B), and the plating efficiency PE.

The equation for cell surviving fraction S(d) after radiation dose d is:

S(d) = PE e_(amin"' (@max—@min) exp[-8 d])d—p a2 (1)

At very low doses, when induction of repair has not yet occurred, the term exp[-5 d]
remains close to 1 and the dose response predicted by Eq. 1 is dominated by the parameter
amax. In contrast, at higher doses induction occurs and the term exp[-o d] becomes close to
0, so the dose response is dominated by the parameter amin. Finally, at very high doses the
dose response is dominated by the parameter . If the inducible processes play little/no role
in determining survival, then the IR model reduces to the LQ model: omin= amax and 3=0.
Statistical analysis of clonogenic survival data. To analyze the clonogenic survival data,
we viewed them as a set of Bernoulli trials, where the number of “successes” is the counted
number of colonies on the i-th plate (k(d,i)) after radiation dose d, and the number of “trials”
is the number of seeded cells (n(d,i)) on the same i-th plate. The “success” probability is
assumed to have a binomial error distribution (Shuryak et al., 2016).

The log-likelihood function (LL) for this scenario is below, where S(d) is the surviving
fraction described by the IR model (Eq. 1):

LL=3q (2ik(d, i) In [S(d)] + Ziln(d, i) = k(d, i)] In [1 —S(d)] )

Here, all constant terms which do not involve S(d) and therefore do not change the results
of the optimization were omitted for simplicity.

The LL expression from Eq. 2 is theoretically correct, but the exact values of n(d,i) are not
known. Instead, only the average values for the numbers of seeded cells N(d) are available.
Consequently, we modified Eq. 2 as follows, to produce LLe which is the LL expression

using only the data that are available:
LLe= 34 (2ik(d, i) In [S(d)] + >1max[0, N(d)—k(d, i)] In [1=S(d)] (3)

Here, the expression max(0, N(d) — k(d,1)) is used to account for the instances when k(d,i)
could, by chance, become > N(d). Such instances would be rare for radiation doses

substantially larger than zero, where S(d) would be << 1.
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To implement this data analysis approach, we determined the best-fit values of parameters
which enter into the model for S(d), for which the LLe function (Eg. 3) was maximized.
The maximization was performed using the sequential quadratic programming (SQP)
algorithm in Maple 2015® software. The plating efficiency (PE), which is unrelated to
radiation, was allowed to be different for different experimental dates, whereas all four
radiation dose response parameters (omin, 0max, 0, ) Were kept constant for all experiments
using the given fungal strain and radiation type. The parameter values were restricted to >0
to maintain mechanistic plausibility.

The probability of finding the global maximum (rather than local maxima) was enhanced
by using 100 random initial conditions for the model parameters. Uncertainties (95% CIs)
for best-fit model parameter values were estimated by profile likelihood as follows: 10,000
Monte-Carlo-generated parameter values in the vicinity of the best-fit values were used to
estimate the critical contour of the log likelihood function, which is based on the asymptotic
X2 behavior of the log likelihood distribution.

To quantify the effect of melanization status on the clonogenic survival of each tested
species, we compared the plating efficiencies for melanized and non-melanized strains at
the same radiation dose. The observed plating efficiency is the ratio of the number of
counted colonies to the number of plated cells. Uncertainties (95% ClIs) for the plating
efficiency were calculated by the score confidence interval approach for binomial
proportion (Agresti and Coull, 1998). Ratios of plating efficiencies for melanized vs non-

melanized strains and corresponding p-values were estimated by Monte Carlo simulation.

5.2.4 Determination of metabolic activity of melanized and non-melanized cells
subjected to deuteron and x-rays radiation by XTT and MTT assays.

After irradiation, melanized and non-melanized fungal cells were washed, suspended in
PBS and 100 pL cells at 10° - 10° cells/ml concentration were placed into wells in 96 well
plates, 3 wells for each condition. For XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) assay 40 puL (1 mg/mL XTT in PBS)
and 4 uL ImM menadione in acetone were added to each well, the plates were covered
with foil and incubated at room temperature for 2, 3, 4 and 12 hours. We show the readings

obtained after 4 hours. The absorbance (Labsystem Multiskan, Franklin, MA) was read at
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492 and 650 nm, and the absorbance at 650 nm was subtracted from the absorbance at 492
nm. For MTT (2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide) assay,
a MTT solution in PBS was added to the wells with the cells, so that the final MTT
concentration was 0.5 mg/mL. After incubation at room temperature for 24 hours and 72
hours, the cells were spun down at 2,000 rpm, supernatant was discarded, followed by
addition of 100 pL 10% Sodium dodecyl sulfate (SDS) in 50% dimethylformamide (DMF)
to each well. The absorbance was read at 550 and 650 nm, and the absorbance at 650 nm
was subtracted from the absorbance at 550 nm. The results show the 24 hours readings.
Both XTT and MTT results were normalized by the number of cells per well and these
values were again normalized by dividing by the control values which were the non-

irradiated cells at time zero.

5.2.5 ATP assay

Following experimental treatments, the cellular extracts were prepared for adenosine
triphosphate (ATP) measurements by freezing 0.2 mL cells in 0.5 mL tube in a dry ice-
ethanol bath. TE buffer (0.1 mL) was added to the frozen cells and the mixture was boiled
for two minutes. Cell debris was pelleted by centrifugation at 1000 rcf for 10 min, and 10
pL/well of the cell supernatants were assayed for ATP using the luciferase/luciferin Kit
from Molecular Probes (Eugene, Oregon, USA). Emitted light was measured in a Wallac
Perkin Elmer Victor 2 luminometer/plate reader (Waltham, MA, USA). Measurements
were made in triplicate for each treatment. The assay was linear over a range of extracts
derived from 0.3 to 2.6 x 10° cells. The luminometer readings in the luciferase assay
increased for about 10 min after addition of the substrate and enzymes, followed by gradual
decrease in luminescence. Readings recorded at 5 min are shown. ATP concentrations were
calculated using a standard curve for every assay. The ATP concentrations were then
normalized as for XTT and MTT assays, first by dividing the ATP concentration by cell
number, and then dividing that value by the control value which were the non-irradiated
cells at time zero.

Statistical analysis and descriptive modeling of metabolic assay data. To the best of our
knowledge, mechanistic modeling of metabolic assay data after irradiation is not as

developed as modeling of clonogenic survival. Consequently, we used simple descriptive
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modeling (multiple linear regression) on the metabolic assay data. The response variable
(either XTT, MTT or ATP) measured in each sample was normalized by the mean for non-
irradiated control samples, and logarithm transformed. The transformation was intended to
bring the error distribution closer to the normal distribution, and to avoid biologically
impossible negative values. The independent variables were radiation dose and dose
squared. The linear regression was performed separately for each fungal strain and

radiation type.

5.3 Results

5.3.1 Protective effects of melanin on both fungal species

The clonogenic survival of melanized and non-melanized C. neoformans and C.
antarcticus after deuteron irradiation is shown in Fig. 5.1A and 1B, respectively. C.
neoformans H99 and its non melanized laccase mutant deficient Lac(-) were used to
generate melanized and non-melanized cells, respectively, while to obtain non-melanized
cells of C. antarcticus, tricyclazole [5-methyl-1,2,4-triazolo(3,4-b) benzothiazole] was
added to cultures for inhibition of the DHN-melanin pathway, as melanin deficient mutants
for this fungus are not available. Data, which encompassed a wide range of doses (0-1.5
kGy) suggested that both melanized and non-melanized C. neoformans strains showed
fairly high (>10%) survival at doses <0.5 kGy (Fig. 5.1A), but at 1.5 kGy melanized cells
survived much better than non-melanized ones. At this high dose of deuterons,
melanization clearly resulted in increased survival of C. neoformans in all replicate
experiments: the magnitude of this protective effect was quite large (10-fold) (Fig. 5.1C),
and there was robust statistical significance (Table 5.2). C. antarcticus was clearly more
resistant to killing by deuteron radiation than C. neoformans (Fig. 5.1B). The melanized
strain showed substantially higher survival at 1.5 kGy (Fig. 5.1C), and this effect had robust
statistical significance (Table 5.2).

Because of the technical reasons, the dose range delivered by x-rays exposure (0-0.3 kGy)
was much narrower and even much lower than the deuteron dose rate (Table 5.1).
However, the results revealed that in contrast to deuteron irradiation, non-melanized C.
neoformans was more resistant to x-rays than non-melanized C. antarcticus (Fig. 5.2A, B).

In fact, it was as resistant as the melanized strain (Fig. 5.2C, Tables 5.2-3). For C.
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antarcticus the high sensitivity of the non-melanized strain to x-rays resulted in statistically
significant difference in survival between the melanized and non-melanized cells (Fig.
5.2C, Tables 5.2-3). Overall, these results for the first time show that in both C. neoformans
and C. antarcticus the presence of melanin provided protection against high doses of

deuterons.

Table 5.2 Comparison of clonogenic survival of melanized vs non-melanized strains of C. neoformans (black)
and C. antarcticus (green) after the highest tested doses of deuteron and x-rays irradiation. For each replicate
experiment, the ratio of plating efficiencies (and its 95% CIs) for melanized vs non-melanized cells represents
the ratio of clonogenic survival: values >1 indicate that melanized cells had higher survival than their non-
melanized counterparts. The p-value represents the probability that the plating efficiency ratio was <1.

Plating efficiency ratio:
Radiation type and Replicate melanized vs
Organism dose experiment non-melanized p-value
value 95% Cls
C.
neoformans | deuterons, 1.5 kGy A 10.75| 5.72| 29.62|<10*
B 450| 2.12| 15.72|<10*
C. antarcticus | deuterons, 1.5 kGy A 1.73| 1.59 1.89 | <10*
C.
neoformans x-rays, 0.3 kGy A 2541 212 3.04 | <10*
B 1.11| 0.86 1.4210.212
C 1.16| 0.92 1.4510.106
C. antarcticus | x-rays, 0.3 kGy A 87.94| 65.33| 131.35|<10*
B 494| 437| 5.62|<10*
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Table 5.3 Best-fit model parameters for clonogenic survival of irradiated C. neoformans and C.
antarcticus. Italic font indicates parameter values, which are significantly affected by melanization
status. Parameter meanings are: linear dose response coefficients for situations when DNA repair and/or
pro-survival signaling are fully induced (omin) or not induced (omax), the dose dependence for the
induction of DNA repair and/or pro-survival signaling (3), the quadratic dose response coefficient (B).

Best-fit model parameters
Mel
Radiati | aniz
Organis |on a- amin (KGY™?) amax (KGY™?) 5 (kGy™?) B (kGy?)
m type tion
Val val val val
ue 95% ClIs |ue | 95% Cls |ue | 95% Cls | ue 95% Cls
C.
neoform | Deuter 13.8 15. 3.3
ans ons Yes | 0.00| 0.00 | 0.00 41129 06| 3.58 714561(1.24(0.62| 1.33
6.0 0.6
No |0.00|0.00|0.00|5.54| 5.07 411.00 3/162|1.20|0.60]| 1.62
16. 4.1116.6
x-rays |Yes |1.28|0.64|2.56|8.06| 4.23| 07]8.36 9 811.95(0.98 | 3.89
13. 1.6 | 40.0 11.4
No |0.71]0.14|357|2.75| 055| 79|7.99 0 6772|154 7
C.
antarctic | Deuter 2.1 0.8
us ons Yes |0.00|0.00|0.00|1.99| 1.85 411.10 6|1.68|0.27|0.03| 0.34
3.8 0.7
No |0.00|0.00|0.00|3.70| 3.57 60.80 6(0.94|0.000.00| 0.04
9.4 0.221.2
X-rays | Yes |0.40| 0.04|3.99|0.94| 0.09 41212 1 21513051 7.71
10.9 69. 0.3
No |1.64]0.26|9.24 6| 10.0| 12|1.03 216.52]1.42|0.23| 8.96

5.3.2 Comparison of the IR and LQ models

The best-fit induced repair (IR) model prediction curves for deutron-irradiated C. neoformans and
C. antarcticus were consistent with the experimental data (Fig. 5.1). The survival curves for
melanized vs. non-melanized strains of C. neoformans diverged at the highest tested dose of 1.5 kGy.
The melanized strain clearly survived this dose better, than the non-melanized one (Fig 5.1A, C). A

similar pattern was observed for C. antarcticus (Fig. 5.1B, C). These melanization-dependent
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differences in survival were mathematically described by the best-fit parameter values for the IR

model (Table 5.3).

Overall, the IR model described the data adequately, much better than the simpler linear quadratic

(LQ) model (by >14 sample size corrected Akaike information criterion units). However, the IR

model is not the only plausible explanation for the shape of the dose responses we observed here.
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Fig. 5.1 Clonogenic survival of melanized and non-melanized C. neoformans and C. antarcticus
after deuteron irradiation: A) C. neoformans; B) C. antarcticus. Symbols represent data and
curves represent IR model fits. Several symbols at the same radiation dose and fungal strain
represent data from different replicate experiments. Error bars represent 95% Cls. Blue =
melanized, red = non-melanized; C) Comparison of clonogenic survival of melanized vs non-
melanized strains of C. neoformans (black) and C. antarcticus (green) after the highest tested

doses of deuteron and x-ray irradiation. Error bars represent 95% Cls.
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Fig. 5.2 Clonogenic survival of melanized and non-melanized C. neoformans and C.
antarcticus after x-rays irradiation: A) C. neoformans; B) C. antarcticus. Symbols represent
data and curves represent IR model fits. Error bars represent 95% Cls. Blue = melanized, red
=non-melanized; C) Comparison of clonogenic survival of melanized vs non-melanized strains
of C. neoformans (black) and C. antarcticus (green) after the highest tested doses of deuteron

and x-ray irradiation. Error bars represent 95% Cls.
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5.3.3 Metabolic activity assays

XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium
hydroxide) and MTT (2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide) results
demonstrate differences in metabolic activity for melanized vs non-melanized cells post irradiation.
The use of XTT and MTT assays in parallel can help to define the location of the melanin-mediated
electron transfer in the cells; positively charged MTT is taken into the cells via the plasma membrane
potential and is reduced intracellularly while the negatively charged XTT is cell impermeable and its
reduction occurs at the cell surface (Berridge et al., 2005). Our results (Fig. 5.3, Table 1S) suggest
that deuteron irradiation of C. neoformans increased XTT levels in melanized cells, but not in non-
melanized ones. The effects of x-rays were less clear, probably due to limitations of the dose range,
as previously mentioned. For C. antarcticus, deuterons and x-rays increased XTT in melanized cells,

but in non-melanized ones there was no statistically-significant change (Fig. 5. 4, Table 1S).
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Fig. 5.3 Effects of irradiation on C. neoformans XTT reducing activity. A) Melanized cells exposed
to deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed to x-rays.
D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells, and open
symbols represent non-melanized cells. The results were normalized by the number of cells per
well and these values were again normalized by dividing by the control values which were the non-
irradiated cells at time zero. n stands for normalized.
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Fig. 5.4 Effects of irradiation on C. antarcticus XTT reducing activity. A) Melanized cells exposed
to deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed to x-rays.
D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells, and open
symbols represent non-melanized cells. The results were normalized by the number of cells per
well and these values were again normalized by dividing by the control values which were the non-
irradiated cells at time zero, n stands for normalized.

MTT levels in melanized cells were somewhat increased as a result of deuteron irradiation in non-
melanized C. neoformans cells and in -melanized ones as well. However, the differences between
irradiated and control were not statistically significant (both the linear and quadratic coefficients are
positive, but their 95% Cls overlap zero; Fig. 5.5, Table 1S). MTT in C. antarcticus did not provide
a clear pattern (Fig. 5.6, Table 1S) but overall there was not much change in MTT levels for both
melanized and non-melanized cells.

Radiation exposure resulted in decreased ATP (adenosine triphosphate) level in melanized cells post
irradiation. Figs. 5.7 and 5.8 and Table 1S displays the changes in ATP concentration in melanized
and non-melanized cells post irradiation. Deuterons caused significant decreases in ATP levels in
melanized C. neoformans and C. antarcticus, whereas the effect was weaker/inconclusive in non-
melanized cells of both species. This is consistent with the report of decrease in ATP in melanized C.

neoformans cells post exposure to y-rays, UV and visible light (Bryan et al., 2011).
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Fig. 5.5 Effects of irradiation on C. neoformans MTT reducing activity. A) Melanized cells
exposed to deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed
to x-rays. D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells,
and open symbols represent non-melanized cells. The results were normalized by the number of
cells per well and these values were again normalized by dividing by the control values which
were the non-irradiated cells at time zero, n stands for normalized.
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Fig. 5.6 Effects of irradiation on C. antarcticus MTT reducing activity. A) Melanized cells
exposed to deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed
to x-rays. D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells,
and open symbols represent non-melanized cells. The results were normalized by the number of
cells per well and these values were again normalized by dividing by the control values which
were the non-irradiated cells at time zero, n stands for normalized.
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Fig. 5.7 Effects of irradiation on C. neoformans ATP level. A) Melanized cells exposed to
deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed to x-rays.
D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells, and open
symbols represent non-melanized cells. The results were normalized by the number of cells per
well and these values were again normalized by dividing by the control values which were the
non-irradiated cells at time zero, n stands for normalized.
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Fig. 5.8 Effects of irradiation on C. antarcticus ATP level. A) Melanized cells exposed to
deuterons. B) non-melanized cells exposed to deuterons. C) melanized cells exposed to x-
rays. D) non-melanized cells exposed to x-rays. Closed symbols represent melanized cells,
and open symbols represent non-melanized cells. The results were normalized by the number
of cells per well and these values were again normalized by dividing by the control values
which were the non-irradiated cells at time zero, n stands for normalized.
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5.4 Discussion

In this study we compared the effects of deuterons and x-rays on two microscopic fungi capable of
melanogenesis — fast growing C. neoformans (doubling time 2 hrs) and slow growing C. antarcticus
(doubling time is approximately 2 weeks). C. neoformans is a ubiquitous soil dwelling microorganism
able to survive at 37 °C, which makes it an opportunistic human pathogen. C. neoformans can produce
melanin in presence of melanin precursors such as L-dopa. C. antarcticus is a cryptoendolithic
intrinsically melanized fungus from McMurdo Dry Valleys in Antarctica which grows best at 12-15
°C (Selbmann et al., 2005).

The most important findings of this study are: 1) Melanin affords significant protection against high
doses (1.5 kGy) of deuterons for both C. neoformans and C. antarcticus. To the best of our
knowledge, this is the first time when the role of melanin in protection of eukaryotic cells against
deuterons under physiological conditions (full hydration, temperatures allowing growth) has been
reported. 2) Another novel observation of this study is that for both slow growing C. antarcticus and
fast growing C. neoformans, exposure to deuterons resulted in similar metabolic patterns: strong
changes in XTT and ATP levels in melanized cells, but not in non-melanized ones. Non-melanized
C. neoformans and C. antarcticus demonstrated various sensitivity to deuterons versus x-rays — while
non-melanized C. antarcticus was more resistant to deuterons than non-melanized C. neoformans, the
latter was more resistant to x-rays.

The explanation possibly lies in the rate of DNA and protein synthesis, which allows for quick repair
of single strand breaks post x-rays irradiation by fast growing C. neoformans, but cannot help against
the double DNS breaks induced by deuterons, and in this case the slow growing C. antarcticus has
the advantage. According to classical radiobiology, dividing cells are more prone to radiation damage
(Hall and Giaccia, 2006). However, even if the different growth rates may have a role in the different
resistance observed, some other mechanisms related to the peculiar ecology and adaptations could be
involved. This is something that needs to be investigate in the future.

We used metabolic XTT, MTT and ATP assays in parallel to assess the responses of melanized and
non-melanized cells to deuterons and x-rays. Interaction of negatively charged XTT which is largely
cell-impermeable and which is reduced extracellularly, at the cell surface with melanin, a known
electron-shuttle, post irradiation resulted in elevated XTT levels for both types of radiation and both
fungi. The XTT assay reflects primarily the interaction of radiation with melanin. The same elevation
in XTT levels in melanized C. neoformans cells was observed in Dadachova et al. (2007) when the
cells where subjected to gamma radiation with the doses being thousands times lower than it this
study. The MTT assay goes deeper into the cell as MTT is taken into the cells via the plasma

membrane potential and is reduced intracellularly. In non-melanized cells C. neoformans cells both
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deuterons and x-rays caused elevation in MTT levels which is caused by the cells increasing their
metabolic rates in response to the radiation insult to repair the damage. In melanized C. neoformans
cells this effect was less pronounced because melanin protects the cells from the damage and plus it
could impede the penetration of MTT into the cell to some extent. In Dadachova et al. (2007) no
changes in MTT levels were observed post-irradiation in either melanized or non-melanized C.
neoformans cells as the radiation doses were very low and non-fungicidal, in contrast to this study.
As C. antarcticus is inherently more resistant to deuterons than C. neoformans, its non-melanized
cells practically did not have the elevated levels of MTT as not much cellular repair was needed. In
contrast, since non-melanized C. antarcticus is more sensitive to x-rays, its non-melanized cell had
to elevate their metabolism and MTT levels to repair the damage. Finally, the damaging deuterons
caused decrease in ATP levels in both melanized and non-melanized cells of both fungi, reflecting
high-energy expenditure for damage repair. X-rays exposure did not affect the ATP levels of C.
antarcticus, probably, because changes in ATP production by this very slow growing fungus are
beyond the sensitivity levels of our assay. In melanized C. neoformans cells the x-rays did not produce
any changes in ATP levels, and increased in non-melanized. This is in contrast to the observations by
Bryan et al., (2011) with very low levels of gamma radiation, which decreased the ATP levels in
melanized cells and did not change in non-melanized cells.

High resistance to different kinds of radiation was reported for dried samples of C. antarcticus during
preparatory ground-based tests for ESA LIFE EXPOSE-E and BIOMEX EXPOSE-R2 experiments
on the ISS (Experiment Verification Tests, EVTSs) (Onofri et al., 2008; Pacelli et al., 2016). Dried C.
antarcticus was able to withstand real space vacuum and radiations exposure during LIFE EXPOSE-
E experiment on the ISS (Onofri et al., 2012; Onofri et al., 2015). Previous studies have found that
other organisms that exhibit high resistance to desiccation were also resistant to radiation (Billi et al.,
2000; Rainey et al., 2005; La Duc et al., 2007; Daly, 2009) and the survival of C. antarcticus after
extreme desiccation under 10 Pa vacuum has been reported (Onoffri et al., 2012). C. antarcticus can
also survive high doses of UV-B irradiation, with no DNA damage detectable afterwards using PCR
approaches (Selbmann et al., 2011). The procedure was set to minimize any possible involvement of
the repair system: therefore, the remarkable resistance of C. antarcticus was explained by its ability
to avoid DNA damage. Yet, the involvement of the DNA repair system under physiological
conditions is highly probable as suggested by the statistical model fit. Since the whole genome of C.
antarcticus was recently sequenced (Sterflinger et al., 2014) new insights on the DNA repair
potentialities of this fungus will be achieved.

These observations are also of utmost importance for space biological research and planetary
protection because the ability to survive at high radiation doses enables microorganisms to potentially
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contaminate or invade extraterrestrial niches if accidentally transported (Moeller et al., 2012b). The
ability of fungi to withstand harsh outer space conditions and their tendency to contaminate spacecraft
has to be taken into consideration also because some of them are potential human pathogens capable
of endangering well-being of the astronauts during manned flights. In addition, fungi have strong
enzymatic systems and secrete various metabolites, which can degrade structural materials of the
spacecraft (Novikova, 2004). The protective role of melanin in fungal cells, coupled with increase in
fungal metabolic activity under high-energy radiation observed in this study, could open interesting
scenarios for searching extraterrestrial life and biosignatures in the Universe (de Vera et al., 2012).
Melanins are ubiquitous in all biological kingdoms, suggesting that they emerged early in the course
of evolution having a double role of protection and possible energy harvesting pigments, when the
basic background radiation was higher than today. The same or similar pigments might have enabled
life to settle elsewhere in the Universe, exploiting putative extraterrestrial environments, e.g. by using
melanin to protect themselves as well as capture and utilize ionizing radiation as an energy source
(Dadachova and Casadevall, 2008). It is also worth mentioning, that because these fungi produce
different types of melanin — DHN melanin by C. antarcticus and DOPA melanin by C. neoformans
— it was impossible to compare the influence of melanin type on radiation protection. This is the
subject of further investigation.

In conclusion, we have demonstrated that melanin pigment present in the fast growing C. neoformans
and slow growing C. antarcticus fungi efficiently protects them against high acute radiation doses.
Specifically, our data suggest that melanin is protective not only against sparsely-ionizing photons,
but also against deuterons under physiological conditions. These observations are important for basic

space radiobiology and for creating melanin-based radioprotectors for humans.
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Chapter 6

6 Synthesis and Conclusions

This thesis aimed to study the resistance of the Antarctic cryptoendolitic black fungus Cryomyces
antarcticus to exposure under ground-based simulations to space and Martian conditions in
preparation for the BIOMEX-EXPOSE-R2 space mission and to cosmic radiation simulations in the
contest of STARLIFE project; the role of melanin in the high radiation resistance of the fungus was
also investigated by comparing responses of melanized strains and their non-melanized counterparts.
Chapter 1 describes the characteristics of this eukaryotic model and the potential implications for
astrobiological research. This work perfectly fits with the aim of the key objectives of the research
topic 4, e.g. life and habitability, part of the “The European AstRoMap project” (Horneck et al., 2016)
which will drive the European astrobiological researches for the next ten years. AstRoMap aims to
deepen knowledge on the diversity, adaptability, and boundary conditions of life on Earth. For this
purpose the study of organisms thriving in extreme environments on Earth, Antarctica in this thesis,
is of particular interest in astrobiology; the persistence of active biota in almost any environment
containing transient liquid water, an energy source and nutrients, even under extreme physico-
chemical conditions, extends the possibilities for life on other planets of our Solar System and beyond
(Rothschild and Mancinelli, 2001).

The stunning ability to survive, and even thrive, in environments normally neglected by or precluded
to most life-forms, makes the black fungus C. antacticus, member of the Antarctic cryptoendolithic
communities, one of the best eukaryotic model for astrobiological purposes. It was already reported
that the fungus is able to withstand: (i) different kinds of radiation during preparatory ground-based
tests for ESA-LIFE EXPOSE-E (Onoffri et al., 2008); (ii) real space vacuum and radiations exposure
during LIFE EXPOSE-E experiment onboard the ISS (Onofri et al., 2012; 2015); (iii) extreme
desiccation under 10° Pa vacuum (Onofri et al., 2012). This thesis is performed in the frame of
BIOMEX and STARLIFE Projects that are extensively described at the end of the first chapter.
Chapters 2 and 3 describe the ground-based simulations performed in the context of the BIOMEX-
EXPOSE-R2 space mission; these studies allowed us to test further the resistance of C. antarcticus
and its cellular constituents under space and Martian simulated conditions, when grown on Lunar and
Martian mineral analogues. The preparation of the samples used during these experiments is
illustrated in Appendix A.A. The EVTs and SVT simulations were focused on reproducing specific
stressors found in the space environment in LEO and Martian simulated conditions in LEO.

In chapter 2 are reported the first results gathered in the context of EVTs BIOMEX experiment. The
EVTs reproduce: EVTL, single stressor parameters (space vacuum, Martian atmosphere, UVC

93



radiation and temperature extremes); EVT2, increasing doses of UV irradiation simulating the whole
Solar UV spectrum expected in LEO for the mission duration (up to 18 months).

Cultivation tests, PMA-qPCR assay and the ultrastructural analyses reported a high survival of C.
antarcticus that was able to withstand UV irradiation as well as simulated treatments with other outer
space stressors. Therefore, a reduced survival was observed after exposure to the most stressing
parameters and the main damaging factors of the EVTs were UV irradiation and temperature cycles.
The PCR analyses showed that the DNA is still amplified even after the highest doses of UV-
irradiation and RAPD profiles were well preserved in all samples, indicating a good preservation of
the template. The easy extraction and the high resistance of DNA were confirmed for other
microorganisms (Baqué et al., 2013, de la Torre, personal communication), suggesting that molecule
as a possible biosignature candidate in future exploration missions. Results from chapter 2 were
published in “Origins of Life and Evolution of Biospheres” journal (Pacelli et al., 2016).

Chapter 3 focuses on the last BIOMEX ground-based experiment, the SVTs: they simulated the whole
LEO mission by applying either a simulated space vacuum or a Martian simulated atmosphere (for 3
months) in combination or not with polychromatic UV irradiation (200-400nm) with the expected
dose of a 12 months mission. As for EVTSs, a high fungal survival after the treatments was observed,
even after vacuum or Martian atmosphere coupled with irradiation; the results were confirmed by
cultivation test, PMA-gPCR and ultrastructural analysis. A new method, i.e. XTT assay, to analyze
the fungal metabolic activity after treatments was optimized for the fungus and the results were
concordant with the previous analyses.

The highest survival, in term of CFU’s, was reported for C. antarcticus grown on S-MRS for SVT
and on P-MRS in the EVTs (chapter 2, Pacelli et al., 2016); the same result was recently reported for
Buellia frigida suggesting a protective role of the substratum (Meef3en et al., 2015). On the contrary,
in the frame of BIOMEX experiment, Baque et al. (2014) reported a higher survival of the
cyanobacterium Chroococcidiopsis when mixed with S-MRS regolith. These contrasting results led
us to conclude that a possible protective role of the analogues is not supported for now and needs to
be further investigated.

Melanin as a possible biosignature was investigated in Chapter 3 with RAMAN spectroscopy, the
promising not-destructive tool for the remote detection of biosignatures in the context of planetary
exploration (Tarcea et al.,, 2008). Indeed, the ExoMars rover will incorporate a Raman Laser
Spectrometer, with green excitation light at a wavelength of 532 nm, which covers both mineralogical
and biological Raman regions (Edwards et al., 2013). Results indicate that mineral and melanin
spectra were detectable from each fully exposed samples, except for the fungus grown on Lunar
analogues: this sample gave high fluorescence that covered all Raman peaks.
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The signal saturation produced by the increased fluorescent background was also reported by other
groups within BIOMEX, and the dramatic increase in background fluorescence appears to be
correlated to the increase of UV dose received (Baqué, pers. communication). This must to be taken
in consideration for next exploration mission, when detecting biosignatures in situ. Unfortunately,
the melanin peaks were too similar to amorphous carbon: consequently, it was impossible to
distinguish the presence of our target unambiguously. To conclude, melanin spectra is not useful to
develop biosignature databases for now, and we need to optimize some parameters. These results
were submitted to Astrobiology journal and are still under revision.

Analyses of other putative fungal biosignatures have been performed with Gas Chromatograph-Mass
Spectrometry, also installed on ExoMars: analyses on EVTs samples, are still ongoing.

One of most dangerous component of the space or Martian environment is the ionizing radiation. In
that context, chapter 4 describes the purpose of the STARLIFE campaign to improve our
understanding of the biological efficiency of ionizing radiation in space by studying the responses of
selected astrobiological model systems - most of them being “space veterans” - to radiation
mimicking single components of cosmic radiation, mainly accelerated heavy ions and high doses of
x- and y-rays. In this frame three different cryptoendolithic Antarctic microorganisms, i.e. C.
antarcticus, Umbilicaria sp. and Stichococcus sp., were exposed to high doses of space relevant y-
rays (°°Co) up to 117.07 kGy (chapter 4, Pacelli et al., in press) and Helium up to 1.000 Gy
(unpublished data). Survival and ultrastructural integrity was analyzed by cultivation test and TEM
analyses, respectively; DNA damage was investigated through PCR.

The main findings of this work are (i) C. antarcticus was the most resistant among our test
microorganisms: fungal colonies were still recorded at 55.81 kGy. None of the tested organisms was
able to multiply after maximum dose of irradiation, 117.07 kGy; (ii) no DNA damage was detected
for the microorganisms even in sample were the viability was lost. These results, together with the
analysis of the previous chapters (2 and 3), support the use of DNA as biosignature.

Due to their indispensability for life on Earth, DNA is also prime target in the search for life on Mars
or other planets. Biosignatures degrade over time and in situ environmental conditions influence the
preservation of those molecules. The degradation of DNA is mediated via three factors: (i) space
radiation, mainly UV, (ii) vacuum or low pressures, which encourage strand breaks, mutations and
cross-linking, and (iii) the level of hydration, with more hydrated DNA being vulnerable to greater
damage (Folkard, et al., 1999). Nonetheless, both shielding by mineral surfaces, such as halite
crystals, permafrost and marine sediments, coupled to specific conditions (i.e. low temperatures)
could improve the conservation of ancient DNA. As demonstrated in chapters 2, 3 and 4, DNA was
easily detected in all the tested organisms even after high irradiation treatments (up to 117.07 kGy)
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and even when viability was not recorded. Here we found that DNA has a high intrinsic stability,
which is important for a good biosignatures (Aerts et al., 2014) and that it could be regarded as
biosignature even after life extinction. Results from chapter 4 were accepted for publication in
Astrobiology journal and are in press.

New insights on the biological effects of radiation in space are of importance for assessing the
radiation risks during space missions. In last years, most researches focused on the use of high-energy
photons (y- and x-rays, sparsely ionizing), but more recently densely ionizing high-energy protons
and heavy ions are being used. Thus, in the last chapter we investigated the role of melanin on fungal
species after exposition to different kind of radiation, by comparing survival and metabolic activity
of melanized and non-melanized strains. In this study, we compared the effects of highly ionizing
deuterons and sparsely ionizing x-rays on two microscopic fungi, C. neoformans and C. antarcticus,
characterized by two different kind of fungal DOPA and DHN melanin.

We demonstrated that melanin affords significant protection against high doses (1.5 kGy) of
deuterons for both C. neoformans and C. antarcticus under physiological conditions (full hydration,
temperatures allowing growth). Another novel observation of this study is that for both slow growing
C. antarcticus and fast growing C. neoformans, exposure to deuterons resulted in similar metabolic
patterns: strong changes in XTT and ATP levels in melanized cells, but not in non-melanized ones,
suggesting a role of melanin as electron acceptor. These results were perfectly in concordance to what
reported for C. neoformans in Dadachova et al. (2007), when cells where subjected to gamma
radiation. To summarize, chapter 5 demonstrated the protective role of melanin in fungal cells: the
mechanism is still to be deeply investigated. Interestingly, melanins, having double role of
photoprotection and possible energy harvesting pigments, by increasing the fungal metabolic activity,
may have improved fungal resistance to radiation in the past, even in an hypothetical travel or life
outside the Earth. These results were accepted with minor revision and already re-submitted in
Environmental Microbiology journal.

To conclude, this thesis contributes to the understanding of the survival limits of the Antarctic black
fungus C. antarcticus under simulated space and Martian conditions and to various types of space
relevant radiation. It was demonstrated its ability to resist the stressor in ground-based simulations in
the frame of the BIOMEX and STARLIFE projects. A role of melanin in protection against radiation
was deeply reported. Future investigations on samples actually exposed to space condition mission
will give us further insights on the mechanisms of its resistance and the preservation of fungal
biosignatures in extraterrestrial conditions, with implications for astrobiological research and for the

next exploration mission.
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7 Appendixes
A.A Preparation of samples

The preparation of the samples for the BIOMEX experiment is illustrated in Figure A.1. As briefly

described in the corresponding chapters, cell suspensions were spread on MEA (malt extract agar:
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malt extract, powdered 30 g/L; peptone 5 g/L; agar 15 g/L; Applichem, GmbH) in Petri dishes, mixed
with Antarctic Sandstone (1.5 g/L), Lunar and Martian analogues (1 g/L), and prepared to optimize
mineral/microorganisms interactions. Colonies were grown at 15 °C for 3 months. Disks were cut to
fit within the wells of exposure carrier (12 mm diameter) and then air-dried under a sterile hood for

18 hours under sterile conditions.

A.B Mechanism of PMA treatments

Propidium monoazide (PMA) assay (Mohapatra and La Duc, 2012) was used for evaluating
percentage of cells with undamaged cell membranes by quantifying fungal DNA extracted from
colonies of C. antarcticus This was performed by adding PMA, at a final concentration of 200 puM,
to fungal colonies after rehydration. PMA penetrates only damaged cell membranes, cross-linking to
DNA after light exposure and thereby preventing PCR, as illustrated in Fig A.2. Following DNA
extraction and purification, quantitative polymerase chain reaction (QPCR; BioRad CFX96 real-time
PCR detection system) was employed to quantify the number of fungal ribosomal DNA fragments
present in samples either treated or not treated with PMA. Genomic DNA was added at a
concentration of 0.1 ng to final volume of 25 pL of PCR cocktail containing 1X Power Sybr-Green
PCR Master Mix, NS91 forward (5¢-GTC CCT GCC CTT TGT ACA CAC-3¢) and ITS51 reverse
(5¢-ACC TTG TTACGA CTT TTA CTT CCT C-3¢) primers, each at 0.02 M final concentration.
These primers amplify a 203 bp product spanning the 18S/ITS1 region of rRNA encoding genes. A
standard gPCR cycling protocol consisting of a hold at 95 °C for 10 min, followed by 40 cycles of
denaturing at 95 °C for 15 s, annealing at 58 °C for 20 s, and elongation at 72 °C for 15 s was followed.
Fluorescence measurements were recorded at the end of each annealing step. At the conclusion of the
40th cycle, a melt curve analysis was performed by recording changes in fluorescence as a function

of raising the temperature from 60 °C to 95 °C in 0.5°C per 5 s increments.
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Figure A.2 Explanation of PMA-qPCR test.

A.C Preliminary results on samples exposed to actual space and Martian simulated

condition in space.

This paragraph reported the preliminary results after samples exposition for 1.5 years to actual space

and Martian simulated condition in space, in the contest of BIOMEX-EXPOSE R2 mission. The

fungus C. antarcticus survives all the conditions tested, in all analogues as reported in table A.1. The
amplicons revealed a good preservation of DNA, for the gene lenght tested (ITS region, 700 bp) and

a good preservation of the whole genome, with a reduction of the highest molecular weight bands

visible in some cases (Figure A.3).

Table A.1 Survival reported for C. antarcticus after
space mission.

BOTTOM TOP
Original + +
Substrate
Lunar + +
Analogue
P-MRS + +
S-MRS + +
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Figure A.3 Assessment of the DNA damage on C. antarcticus after real space exposure and simulated
Martian condition treatments. Up: single gene PCR-ITS Region 700 bp; Above: RAPD complete genomic
fingerprinting. DNA ladder (M), Positive PCR Control (CTR POS), Negative PCR Control (CTR NEG).
Substrates: OS, Original Substrate; L, Lunar; SM, S-MRS; PM, P-MRS.

The ultrastructural analysis performed by TEM revealed on TOP samples the presence of loose
cytoplasm, damaged membranes or gosts; intact cells were well visible in the top samples, with
nucleus, mitochondria and melanine granules in some cases, justifying the cultivation data (Fig. A.4-
5.). Some controls were more injuried than the treated counterparts; the same was obtained by
cultivation test and Dna damage, highlighting a possible problems related with the controls. Same
problem with controls are reported from other group within the BIOMEX team and need to be further

investigated togheter with the preservation on fungal biosignatures.
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Fig. A.4 TEM micrographs. Untreated (CTR).

Fig. A.5 TEM micrographs. Treated (TOP sample), with space
vacuum or a Martian simulated atmosphere in combination
with polychromatic UV irradiation .
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