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Abstract 

Most living entities are not able to survive under vacuum (10-4 Pa), extensive UV and ionizing 

radiation, combined with temperature variations between -100 °C and +100 °C. These 

conditions are present at the low Earth orbit (LEO), the location of the International Space 

Station (ISS). However, some microorganisms manage to withstand such harsh environmental 

conditions for years. One example is the polyextremophile bacterium Deinococcus 

radiodurans, which was sent to the ISS for exposure between one and three years on the 

Japanese Exposure Module Kibō. Molecular analysis of the cells after exposure may help 

understanding how organisms can survive long term exposure to space conditions. Analysing 

tools include survival assays, cellular characterization by scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM), and interpretation of molecular adaptions via 

transcriptomic, proteomic and metabolomic approaches. Results of the conducted experiments 

showed that D. radiodurans indeed can survive long-term exposure outside the ISS and after a 

short lag phase of few hours in complex medium, it proliferates again. This indicates that an 

interplanetary travel of certain organisms might be possible. Results presented in this 

dissertation can be interesting for future space exploration and planetary protection, however, 

as it similarly important for areas involving stress response from extreme environmental 

conditions, such as vacuum, radiation and temperature cycles. 

The present work comprises different stress response experiments on D. radiodurans. Apart 

from LEO exposure, several other experiments were conducted with simulated LEO conditions. 

D. radiodurans was exposed solely to vacuum, to vacuum and UVC radiation, and a 

combination of vacuum, UVC radiation and temperature cycles, mirroring conditions present 

outside the ISS. In addition, the response of D. radiodurans to growth under simulated 

microgravity conditions was studied.  

An integrative extraction protocol for limited amounts of D. radiodurans was established to 

extract mRNA, extra- and intracellular proteins and polar metabolites simultaneously from each 

replicate. Transcripts were measured on an Illumina HiSeq, proteins in a shotgun proteomics 

approach on a LC-orbitrap and polar metabolites on a GC-TOF. All applied methods were used 

for quantitative approaches. 

Neither simulated nor real space exposure caused visible damage to the cell wall in D. 

radiodurans. However, exposure experiments reduced survivability compared to control cells 
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and induced molecular alterations. All applied factors, except microgravity, induced the 

expression of genes related to DNA repair, especially the UvrABC excision repair mechanism 

appears as a major component of the repairment of nucleic acid damage after exposure to LEO 

conditions. Furthermore, proteins to alleviate oxidative stress, for instance catalases, 

peroxidases or related proteins, were higher abundant after exposure. Generally, the overall 

level of amino acids and organic acids was lower in D. radiodurans cells, which were exposed 

to harsh environmental conditions, as they might be used as intermediates in repair processes 

or as carbon energy source. Moreover, induced expression levels of different regulators were 

observed, for instance histidine kinases, which may be involved in activation of stress 

responses. Ultimately, statistical analysis showed that S-layer proteins of D. radiodurans are 

likely involved in stress response after LEO exposure. 

In conclusion, multiple alterations on various molecular levels were observed after LEO or 

simulated LEO exposure. The combination of several experimental, methodological and 

bioinformatical strategies presented in this work provide new insights into complex stress 

response mechanisms, which are triggered through exposure to outer space conditions. 
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Zusammenfassung 

Für die meisten Lebewesen stellen Umwelteinflüsse wie Vakuum (10-4 Pa), starke UV- und 

ionisierende Strahlung in Kombination mit Temperaturschwankungen zwischen -100 °C und 

+100 °C eine lebensfeindliche Umgebung dar. Solche Bedingungen gibt es an der Außenseite 

der Internationale Raumstation (ISS) in der niedrigen Erdumlaufbahn. Manche 

Mikroorganismen sind allerdings imstande diesen extremen Einflüssen zu trotzen. Das 

polyextremophile Bakterium Deinococcus radiodurans wurde für ein bis drei Jahre an dem 

japanischen Modul Kibō der niedrigen Erdumlaufbahn ausgesetzt. Eine anschließende Analyse 

der Zellen auf molekularer Ebene sollte helfen zu verstehen, wie Organismen eine lange Zeit 

unter Weltallbedinungen überstehen können. Dafür wurden neben zellbiologischen 

Untersuchungen mittels Rasterelektronenmikroskopie (SEM) und 

Transmissionselektronenmikroskopie (TEM) auch Analysen des Transkriptoms, Proteoms und 

Metaboloms durchgeführt. Die Ergebnisse der durchgeführten Experimente zeigten, dass D. 

radiodurans für einen längeren Zeitraum außerhalb der ISS überleben kann und sich nach einer 

kurzen Anpassungsphase von wenigen Stunden in komplexem Medium wieder vermehrt. Daher 

besteht zumindest die Möglichkeit interplanetarer Reisen bestimmter Organismen. Die in dieser 

Dissertation vorgestellten Ergebnisse können für zukünftige lange Weltraummissionen, sowie 

für Fragestellungen bezüglich dem Planetaren Schutz von Interesse sein. Da es sich bei den 

durchgeführten Experimenten um Stressreaktionen handelt, sind die Ergebnisse außerdem 

interessant für alle Bereiche, welche sich mit extremer Umgebungsbedingungen wie Vakuum, 

Strahlung und Temperaturzyklen befassen.  

Die vorliegende Arbeit umfasst verschiedene Stressreaktionsexperimente an D. radiodurans. 

Neben dem Experiment in der niedrigen Erdumlaufbahn wurde D. radiodurans verschiedenen 

Einflüssen im Labor ausgesetzt, welche jene der niedrigen Erdumlaufbahn simulierten. 

Darunter befanden sich Vakuum, Vakuum mit UVC-Strahlung sowie eine Kombination aus 

Vakuum, UVC-Strahlung und Temperaturzyklen. Zusätzlich wurde die Auswirkungen von D. 

radiodurans auf Wachstum unter simulierter Mikrogravitation untersucht. 

Um genügend Probenmaterial aus einer begrenzten Menge von D. radiodurans zu erhalten, 

wurde ein integratives Extraktionsprotokoll erstellt. Aus jedem Replikat wurden simultan 

mRNA, extra- und intrazelluläre Proteine und polare Metaboliten extrahiert. Die mRNA wurde 

auf einem Illumina HiSeq, Proteine in einem Shotgun-Proteomics-Ansatz auf einer LC-
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Orbitrap und polare Metaboliten auf einem GC-TOF gemessen. Bei allen Ansätzen handelte es 

sich um quantitative Messungen. 

Kein Stressreaktionsexperiment mit D. radiodurans verursachte sichtbare Schäden an der 

Zellwand. Es reduzierte sich allerdings die Anzahl der überlebenden Kulturen verglichen mit 

Kontrollzellen. Außerdem konnten molekulare Veränderungen festgestellt werden. Alle 

Stressfaktoren mit Ausnahme der Mikrogravitation induzierten die Expression von Genen, die 

mit DNA-Reparatur in Zusammenhang stehen. Ist D. radiodurans den Bedingungen der 

niedrigen Erdumlaufbahn ausgesetzt, so entstehen Schäden an Nukleinsäuren, welche 

insbesondere durch den UvrABC-Exzisionsreparaturmechanismus repariert werden. Auch 

Proteine, welche oxidativem Stress entgegenwirken, wie Katalasen oder Peroxidasen, waren im 

Anschluss an die Zeit unter Weltallbedingungen häufiger vorhanden. Weiters wurde eine 

Verminderung des Gesamtgehalts an Aminosäuren und organischen Säuren festgestellt, da sie 

als Zwischenprodukte bei Reparaturprozessen oder als Kohlenstoff-Energiequelle verwendet 

werden könnten. Außerdem wurden induzierte Expressionsniveaus regulatorisch wirkender 

Proteine beobachtet, beispielweise Histidin Kinasen, welche an der Aktivierung von 

Stressreaktionen beteiligt sein können. Außerdem zeigen statistische Analysen, dass S-Layer-

Proteine vermutlich an der Stressreaktion beteiligt sind 

Es wurde festgestellt, dass alle durchgeführten Stressreaktionsexperimente multiple 

Veränderungen auf verschiedenen molekularen Ebenen verursachen. Die Kombination 

mehrerer experimenteller und bioinformatischer Ansätze, die in dieser Arbeit vorgestellt 

werden, bieten neue Einblicke in komplexe Stressreaktionsmechanismen, welche durch einen 

längeren Aufenthalt unter Weltraumbedingungen induziert werden. 
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1 Introduction 

1.1 Life Beyond Earth 

The search for extra-terrestrial life has always fascinated humans and is still tremendously 

reflected in nowadays’ research. Space exploration in twenty-first century aims to search for 

habitable environments on other worlds and discover areas where liquid water, energy sources 

and biologically important elements and organic molecules have been available. Mars gained 

an increased attention to send orbiters, landed and rover missions for various investigations. 

Opportunity, which was active on Mars since 2004, was able to collect compositional data of 

fractures in layered rocks of the Endeavour crater, which suggest formation of Al-rich smectites 

by aqueous leaching (Arvidson et al., 2014). Although Opportunity confirmed that diverse 

aqueous environments existed on the Martian surface billions of years ago, it could not test 

whether these environments had been habitable (Grotzinger, 2014). The Curiosity rover, which 

landed on the Martian surface in 2012, detected the key biogenic elements carbon, hydrogen, 

oxygen, sulphur, nitrogen and phosphorus in Yellowknife Bay, Gale Crater (Grotzinger et al., 

2014). Furthermore, fine-grained sedimentary rocks were discovered, which indicated the 

existence of an ancient lake, and a probable biosphere based on chemolithoautotrophy had been 

suggested (Grotzinger et al., 2014). Even though various studies put forward a concept of life 

on Mars which might have been possible in the water rich Noachian era (<3.95-3.7 billion years 

ago) (Arvidson et al., 2014; Grotzinger, 2014; Grotzinger et al., 2014; Hassler et al., 2014), so 

far no organism, its remnants or valid organic biosignature was detected. Apart from Mars, 

there are other potentially habitable zones in our solar system, for instance, the Saturn moon 

Enceladus, where the spacecraft Cassini discovered potential hydrothermal reactions (Waite et 

al., 2017). Another object of astrobiological interest is Europa, one of the four Galilean satellites 

of Jupiter. The Galileo spacecraft already revealed that rising water or icy mush have burst 

through the surface of Europa, resulting in alterations on the icy surface of the moon (Kerr, 

1997). Galileo also showed that the interior of Europa is electrically conductive, implying that 

most of the outer water layer is liquid (Kerr, 1997). The theory of a global ocean under its 

surface was later supported by an observation of the Hubble telescope. The wavelength 

distribution and the emissions near Europa’s south pole fitted a cloud of water vapour, likely 

ejected from a source on the surface (Roth et al., 2014). The presence of liquid water on 

Enceladus and Europa, which is essential for life on Earth, makes these moons of a great interest 

to astrobiologists. Further research efforts are made towards the Saturn moon Titan, which hosts 
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lakes, rain, and clouds of methane and ethane. These liquids are probable homes for carbon-

based life (McKay, 2016). Even the lower cloud layer of Venus (47.5-50.5 km) could host 

microbial life due to its moderate conditions of ~60 °C, 1 atm and presence of micron-sized 

sulfuric acid aerosols (Limaye et al., 2018). 

On the 25th of August 2012, the space probe Voyager 1 was the first human made object to 

enter the interstellar space (Webber and McDonald, 2013). It will still take 40000 years until 

the spacecraft will be near another solar system. However, no probe is needed to detect habitable 

zones in other solar systems. The number of identified exoplanets (more than 4000 (nasa.gov, 

2019)(nasa.gov, 2019)) is constantly increasing (Pearson et al., 2017). In 2018, data from 

NASA's Chandra X-ray observatory succeeded in discovering planets in one of the other 2*1012 

galaxies (Conselice et al., 2016) outside the Milky way for the first time (Dai and Guerras, 

2018). Although there is no confirmed extra-terrestrial life yet, it is very likely that in other 

habitable zones, life, as we know it, exists (Filkin, 1997). Habitable rocky planets presumably 

emerged 10-17 million years after the Big Bang, 13.8 billion years ago (Loeb, 2014).  

However, it is still a big mystery how life on Earth, or anywhere else, originated. Several 

theories of abiogenesis, the formation of life from non-living material (Bailey, 1938), were 

postulated (Ricardo and Szostak, 2009). However, another possibility might be the 

interplanetary or interstellar exchange of microbes and organic material (Arrhenius, 1903). 

Reality may represent parts of both theories (Klyce, 2001). Although there is no evidence that 

an interplanetary exchange of microbes ever occurred, it is still interesting to test various 

conditions which hypothetically occur during such a journey (Olsson-Francis and Cockell, 

2010). The lithopanspermia theory, which focuses on the transfer of organisms in rocks, puts 

emphasis on three main stages during the interplanetary transport which are challenging for 

every organism (Nicholson, 2009). The first stage, planetary ejection, involves extreme forces 

of acceleration, resulting in high pressure and temperature variations. During transit, the second 

stage, organisms are forced to cope with challenging conditions of outer space. Ultimately, 

throughout the third stage, atmospheric entry, high temperatures are present near the 

transporting rock’s surface, erasing the possibility of photosynthetic organisms near the surface 

to survive the impact (Cockell et al., 2007). All of these factors have been investigated in 

simulation experiments, concluding that there is a possibility that some simple organisms are 

able to survive ejection, transit and impact (Mastrapa et al., 2000; Fajardo-Cavazos et al., 2005; 

Horneck et al., 2008; Olsson-Francis and Cockell, 2010). 
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1.2 The International Space Station as an Astrobiological 

Experimental Platform 

The second lithopanspermia stage, survival during the transit, can be studied via simulation 

experiments, but for valid results, it is necessary to expose the chosen organisms for a long 

period to outer space conditions. Short-term exposure to spaceflight environment, performed 

on Cupriavidus metallidurans (Leys et al., 2009), Rhodospirillum rubrum (Mastroleo et al., 

2009), Escherichia coli (Li et al., 2015) and Bacillus cereus (Su et al., 2014), showed no 

decrease of viability, but changes at the molecular level. The International Space Station (ISS) 

provides a suitable environment for astrobiological experiments in the low Earth orbit. Between 

2008 and 2015, the EXPOSE experiments concluded that not only sporulating bacteria, such as 

B. subtilis can survive an interplanetary travel, but also seeds and lichens, for example 

Stichococcus sp., Trichoderma sp. and Acarospora sp. (Onofri et al., 2012; Vaishampayan et 

al., 2012; Neuberger et al., 2014). B. pumilus (Vaishampayan et al., 2012) spores (2-3 spore 

layers) showed a survival rate of 10-40 % after 18 months of exposure to LEO conditions. 

Within the same exposure experiment, B. subtilis spores (5-10 spore layers) showed a survival 

rate of 6.1-55 % (Horneck et al., 2012; Nicholson et al., 2012). However, a follow-up 

experiment (Novikova et al., 2015) (EXPOSE-R) showed that even Bacillus sp spores are not 

able to survive in monolayers when exposed to LEO conditions. A third mission (EXPOSE-

R2) was launched in July 2014, featuring the long term exposure experiment BIOMEX 

(BIOlogy and Mars EXperiment) (de Vera et al., 2019). The exposures of 46 species of bacteria, 

fungi and arthropods took place on the Russian module Zvezda. Chroococcidiopsis (Baqué et 

al., 2013), a desert cyanobacteria, was exposed to compare the survivability of dried biofilms 

to their planktonic counterparts under LEO and simulated Martian conditions. Confocal 

microscopy, PCR based assays and CFU counting revealed an overall higher resistance of 

biofilms when compared to the planktonic counterpart (Billi et al., 2017). EXPOSE-R2 

included the exposure of D. radiodurans cells to Mars-like conditions in the LEO. CFU counts, 

16s rRNA qPCR showed strong detrimental effects on the survival of D. radiodurans, however 

its carotenoid deinoxanthin, investigated by Raman spectroscopy, preserved its integrity after 

exposure. Therefore, it was concluded that deinoxanthin is a suitable, easily detectable 

biomarker for the search of Earth like organic pigment containing life on other planets (Leuko 

et al., 2017). 
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1.3 Tanpopo Space Mission 

The Tanpopo (English: dandelion) mission was presented by Yamagishi et al. (2007) at the 26th 

International Symposium on Space Technology and Science (At Hamamatsu, Japan). It is a 

panspermia related long-term exposure experiment on the exposure facility of the Japanese 

experimental module Kibō (English: hope) of the ISS. It includes several experiments to capture 

and expose microbes. Preliminary tests revealed that several Deinococcus spp. are candidates 

for survival experiments on the ISS (Kawaguchi et al., 2013). Furthermore, these experiments 

confirmed that dried deinococci cells in monolayers are not able to survive harsh environmental 

conditions in the LEO. However, accumulated cells with several hundred µm thickness can 

survive. To examine their survivability after one to three years of exposure in the low Earth 

orbit, D. radiodurans, D. aerius and D. aetherius were exposed at the Japanese facility Kibō on 

the ISS (Kawaguchi et al., 2016). 

1.4 Deinococcus radiodurans 

In 1956, tests were performed to sterilize canned food using high doses of gamma radiation. 

However, a tin of meat spoiled and D. radiodurans was isolated (Anderson, 1956). First placed 

in the genus Micrococcus, after rRNA sequencing, it was given its own genus Deinococcus, 

closely related to the genus Thermus (Makarova et al., 2001). Apart from Thermus related 

genes, D. radiodurans spp. host genes similar to organisms from other kingdoms of life. These 

genes may have been acquired through interkingdom horizontal gene transfer and ultimately 

have led to differences in gene size and gene content between different deinococcal species 

(Jung et al., 2010).  

Due to its high resistance to dehydration (Potts, 1994), UV (Sweet and Moseley, 1974) and 

ionizing radiation (Mattimore and Battista, 1996) D. radiodurans became a well-studied 

polyextremophile. Compared to E. coli, D. radiodurans is approximately 30 times more 

resistant to UV light and 50 times more resistant to gamma radiation (Sweet and Moseley, 

1976). D. radiodurans is nonmotile, non-pathogenic (Makarova et al., 2001) spherical, pink/red 

bacterium that usually forms diplococci and tetracocci morphologies. It stains gram positive, 

although its rather unique cell envelope resemble a gram negative bacterium (Battista, 1997). 

It is an obligate aerobic chemoorganoheterotroph that does not form endospores. D. 

radiodurans is ubiquitous in nature, however its populations are minor compared to other 

bacteria which inhabit the same ecological niches. Therefore, from an evolutionary perspective, 

D. radiodurans may has traded the ability of efficient growth (reproduction) for efficient 
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survival (robustness). This results in low populations of D. radiodurans in mild natural habitats, 

where faster growing competitors are more prominent, however, under harsh environmental 

conditions for instance in deserts, desiccated D. radiodurans populations dominate competitors 

due to their ability to regrow after rehydration (Krisko and Radman, 2013). 

The high radiation resistance does not provide any selective advantage to D. radiodurans, as 

no terrestrial habitats generate such a high level of radiation (Scott, 1983). Hence, even an extra-

terrestrial origin of D. radiodurans was proposed (Pavlov et al., 2006). However, since its 

phylogeny is related to other terrestrial organisms, it is more likely that radiation resistance co-

evolved with another adaptation, for instance desiccation, which is a common physiological 

stress. As 41 ionizing radiation sensitive strains of D. radiodurans showed similar susceptibility 

to desiccation (Mattimore and Battista, 1996), a relationship between desiccation and ionizing 

radiation resistance can be assumed. Nevertheless, not all desiccation resistant organisms are 

similarly resistant to radiation and vice versa. Radiation resistant E. coli strains are not resistant 

to desiccation (Harris et al., 2009) and desiccation resistant Actinobacteria, Arthrobacter and 

Rhodococcus are susceptible to radiation (Shukla et al., 2007). Therefore, alternative theories 

were proposed, for example the “adaptive radiation hypothesis”, claiming that D. radiodurans 

radiation resistance originated under high natural ionizing radiation levels in deeply buried 

manganese-rich marine sediments (Sghaier et al., 2007). 

The high resistance of D. radiodurans to various environmental factors is not caused by an 

efficient DNA protection mechanism. Studies showed that ionizing radiation induced double 

strand breaks (DSB) are caused with equal efficiency in all prokaryotic and eukaryotic cells 

(~0.05 DSB/Megabase/Gray irradiation) (Gladyshev and Meselson, 2008; Daly, 2009). D. 

radiodurans can repair hundreds to thousands of radiation induced DSB per cell, whereas other 

species can repair only a dozen (Cox and Battista, 2005). Consequently, researches anticipated 

the discovery of a novel, high sophisticated repair mechanism in D. radiodurans. Due to its 

properties, D. radiodurans was an early target for whole genome sequencing. The full genome 

of D. radiodurans R1 was published in 1999 (White et al., 1999) and revealed two large 

chromosomes (3.06 Mb) and two plasmids (223 kb). However, extensive analysis of 

genes/proteins involved in DSB repair in D. radiodurans concluded that the reason for its 

resistance is not a special, exceptional DNA repair mechanism (Makarova et al., 2000; 

Omelchenko et al., 2005; Slade et al., 2009). In addition, no proteins which are typically 

involved in DSB repair appear at higher concentrations in D. radiodurans compared to other 
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bacteria, such as E. coli (Blasius et al., 2008). In 2007, Daly et al. claimed that the high 

robustness of D. radiodurans is caused by protection of proteins rather than extraordinary DNA 

repair mechanisms (Daly et al., 2007). Radiation induced oxidative damage to proteins (protein 

carbonylation) inactivates their function, which leads to reduced DNA repair, proteostasis and 

structural maintenance in all organisms (Krisko and Radman, 2013). Experiments confirmed 

that protein carbonylation correlates with cell death and that the amount of gamma radiation 

and UVC radiation needed to saturate protein carbonylation in E. coli is significantly lower 

compared to D. radiodurans (Krisko and Radman, 2010). As a universal rule for all organisms, 

it can be assumed that dedicated proteins repair nucleic acids, but no living cell can function 

correctly with an oxidized proteome. It was even proposed that accumulated oxidative damage 

to proteins whose severity and complexity increase with time is the cause of aging (Krisko and 

Radman, 2019).  

Experiments suggested a connection between radiation induced oxidative proteome damage 

and cell death. Radiation promotes the production of reactive oxygen species (ROS), which 

lead to protein carbonylation (Suzuki et al., 2010). Therefore, D. radiodurans requires abilities 

to avoid or reduce oxidative damage to proteins. Understanding and preventing radiation 

induced oxidation events in cells opens multiple biotechnological and medicinal opportunities. 

Concerning the environment, it could be used for bioremediation of contaminated sites (Brim 

et al., 2000; Choi et al., 2017). Interesting medical applications involve potential treatment of 

Parkinson (Drechsel and Patel, 2008) and Alzheimer (Benzi and Moretti, 1995) disease. 

Furthermore, studying protein protection mechanisms may help to delay the process of aging 

(Liochev, 2013) and contribute to cancer prevention (Waris and Ahsan, 2006). 

Antioxidative elements associated to the cells are necessary to minimize damage through ROS. 

The prominent pink/red colour of D. radiodurans is caused by the carotenoid deinoxanthin, 

which is bond to the S-layer of the bacterium (Farci et al., 2016). In vitro, deinoxanthin has a 

stronger scavenging ability on H2O2 than other carotenes (lucopene and β-carotene) (Tian et al., 

2007). However, mutations of the crtB (phytoene synthase) gene, which blocks the carotenoid 

synthesis pathway, negligibly increased sensitivity to ionizing radiation, desiccation and UV 

radiation (Tian et al., 2007; Zhang et al., 2007). These results imply that other ROS scavenging 

mechanisms can successfully replace carotenoids, carotenoids are less effective in vivo as in 

vitro or carotenoids and the membrane is not the primary target of ROS (Slade and Radman, 

2011).  
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Nevertheless, D. radiodurans has a multitude of other antioxidant systems that potentially 

contribute to its exceptional resistance to various environmental conditions. Several enzymes 

support the cells to alleviate ROS damage. The expression of SodA (superoxide dismutase) is 

strongly induced in the early stages of irradiation injury recovery in D. radiodurans (Luan et 

al., 2014). However, similar peroxidases and catalases present in D. radiodurans can be found 

in Shewanella oneidensis, a radiosensitive bacterium (Peana et al., 2018). Thus, additional 

antioxidative stress mechanisms must be present in D. radiodurans. Mutants with a G6PDH 

deficiency are more sensitive to UV-induced oxidative stress compared to the wild type (Zhang 

et al., 2005). Hence, glucose metabolism might be involved in the defence strategy of D. 

radiodurans. A study showed that the DNA excision repair mechanism in D. radiodurans is 

facilitated by the pentose phosphate pathway, as it provides adequate metabolites (Zhang et al., 

2003). Furthermore, the amount of proteins containing iron-sulphur clusters is considerably 

lower compared to radiation sensitive organisms, such as S. oneidensis (Ghosal et al., 2005), 

which encodes 65 % more proteins with iron-sulphur clusters. D. radiodurans is a proteolytic 

bacterium and thus contain conserved mechanisms for protein degradation and amino acid 

catabolism. The elevated levels of proteolytic activities after exposure to ionizing radiation 

(Daly et al., 2010) enable an efficient repair and finally survival through the high energy 

demanding recovery period (Omelchenko et al., 2005). To ensure enough energy from external 

resources, D. radiodurans relies on 90 ABC transporters dedicated to amino acid and peptide 

uptake (de Groot et al., 2009). Finally, radiation resistant bacteria show an extremely high 

Mn/Fe ratio compared to radiation sensitive bacteria. Divalent iron is a source of production of 

the most reactive ROS, the hydroxyl radical. It has been shown that radiation resistant bacteria 

contained up to 300 times more Mn2+ ions and about three times less Fe2+ ions than most 

radiation-sensitive bacteria (Daly et al., 2007).  

The analysis of the ultrafiltrate of D. radiodurans resulted in the detection of manganese 

complexes, elevated concentrations of orthophosphate, nucleotides and their derivatives, as 

well as amino acids and peptides (Daly et al., 2010). Based on manganese antioxidants, present 

in D. radiodurans, Gupta et al. designed a Mn2+-decapeptide-Pi complex, which was injected 

to mice. After 30 days, treated mice displayed 63 % less lethality compared to untreated mice 

(Gupta et al., 2016). Moreover, a bioinformatical approach revealed that the amount of proteins 

with Mn2+ binding abilities is considerably higher in D. radiodurans than in radiosensitive 

bacteria (Peana et al., 2018). However, the molecular background, especially the regulatory 

switches responsible for activating the different defence mechanisms in D. radiodurans need 
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to be thoroughly investigated. There might be multiple regulators responsible for activating 

repair and response mechanisms to environmental stress conditions in D. radiodurans. G-

quadruplex DNA secondary structures might play a role in DNA damage response and in the 

regulation of expression of DNA repair proteins required for radioresistance in D. radiodurans 

(Mishra et al., 2019).  

1.5 Systems Biology in Stress response studies 

Systems biology describes molecular mechanisms which are operative in cells (Bruggeman et 

al., 2007) with high throughput technologies such as microarrays or next generation sequencing 

on genomics and transcriptomics level and mass-spectrometry based methods on proteomics 

and metabolomics level (Weckwerth, 2011). The combination of several –omics analysis can 

help understanding molecular cascades in specific organisms and how it responds to 

environmental changes in correlation to the phenotype.  

The unbiased approach of systems biology is applied in several stress related studies in all kind 

of organisms to identify specific markers/indicators. A study regarding vaccine efficacy 

revealed early gene “signatures” that predicted immune responses in humans vaccinated with 

yellow fever vaccine YF-17D (Querec et al., 2009). Further details of signalling cascades, 

connecting transcriptional with translational and metabolic regulations, can be achieved by 

coupling systems biology approaches with machine learning algorithms in mutant experiments. 

This approach was used to identify protein targets in Arabidopsis thaliana to identify 

transcriptional regulators of primary and secondary metabolism under cold and high light stress 

(Furtauer et al., 2018).  

Due to its extraordinary resistant properties, D. radiodurans was targeted by several system 

biology approaches. The wild type strain D. radiodurans R1 was shown to withstand gamma 

radiation up to 16000 Gy (Gray), however, katA (catalase A) mutants are 2 to 15 fold more 

sensitive and sodA (superoxide dismutase [Mn]) mutants are even 3-90 fold more sensitive to 

the same amount of radiation (Markillie et al., 1999). Due to different survival characteristics 

of certain mutants and wild type cells, early systems biology approaches targeted the proteome 

(Lipton et al., 2002) and transcriptome (Liu et al., 2003) of irradiated D. radiodurans cells. In 

both studies, recA (RecA, recombinase A) showed an increased abundance after cells were 

exposed to ionizing radiation. RecA is considered central in activating SOS response to 

extensive DNA damage after irradiation, as it catalyses the hydrolysis of ATP in the presence 

of single-stranded DNA for uptake of single-stranded DNA to duplex DNA (Cox, 2003). Unlike 
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E. coli, RecA in D. radiodurans binds the duplex DNA first and the homologous ssDNA 

substrate second (Kim et al., 2002). Furthermore, proteins/genes involved in DNA replication, 

repair and recombination appeared higher abundant after exposure to irradiation (Lipton et al., 

2002; Liu et al., 2003). Especially the UvrABC endonucleotide excision repair mechanism 

plays a fundamental role after irradiation stress as many proteins involved in this mechanism 

were observed in high levels in irradiated cells (Lipton et al., 2002). The second UvrA protein, 

present in D. radiodurans might facilitate the export of damaged DNA pieces as it is attached 

to the cell membrane and has been linked to ABC transporter proteins (Bauche and Laval, 1999; 

White et al., 1999). Basu and Apte (2012) exposed D. radiodurans to gamma radiation, let cells 

recover for one hour and applied a proteomics approach to identify enhanced expression 

patterns. Results showed several DNA repair proteins, for instance RecA and the DNA damage 

response proteins DdrA and DdrB. Furthermore, proteins involved in oxidative stress 

alleviation, e.g., KatA and SodA showed increased abundances after irradiation of cells. 
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2 Results and Discussion 

Publication 

Proteometabolomic response of Deinococcus radiodurans exposed to UVC and 

vacuum conditions: Initial studies prior to the Tanpopo space mission 

Emanuel Ott, Yuko Kawaguchi, Denise Kölbl, Palak Chaturvedi, Kazumichi Nakagawa, 
Akihiko Yamagishi, Wolfram Weckwerth, Tetyana Milojevic 

Published in PLOS ONE (2017) DOI: 10.1371/journal.pone.0189381 

In order to find an ideal candidate for LEO exposure, it is necessary to perform several 

preliminary tests and evaluate chances of survival under simulated conditions, which mirror 

those at the ISS. In case of the Tanpopo space mission, several Deinococcus spp. were selected 

and exposed to heavy-ion beams, temperature cycles, vacuum and UV irradiation (Kawaguchi 

et al., 2013). Results of survival tests revealed that approximately 30 days exposure to ionizing 

radiation similar to LEO, does not affect desiccated D. radiodurans cells. On the contrary, UV 

radiation drastically decreased survival of cells. They only survived if several layers 

accumulated and the upper cells shielded the lower ones from harmful radiation.  

Based on survival results, an experiment to evaluate molecular changes after exposure to UVC 

radiation and vacuum was planned. A 200 µm layer of dried D. radiodurans cells was prepared 

in aluminium plates with wells (2 mm diameter, 2 mm depth) equal to those used for the 

Tanpopo space mission. Subsequently, cells were exposed to UVC254 nm dose 862 kJm-2 under 

reduced pressure (400 Pa). To evaluate the cellular integrity after exposure, dried cells were 

examined with a scanning electron microscope. Subsequently, cells were recovered in complex 

medium for 5 h to stimulate repair mechanisms. Primary metabolites and proteins were 

extracted according to Weckwerth et al. (2004) with slight modifications and measured on GC-

TOF and LC-orbitrap, respectively. Although -omics experiments were performed on D. 

radiodurans before, especially after applying ionizing radiation to cells (Liu et al., 2003; Basu 

and Apte, 2012), several unique parameters were used in this setup. The sample holders with 

the dried deinococci cells were equal to those used in LEO and the applied environmental stress 

(UVC irradiation and vacuum) is similarly present during the Tanpopo mission.  

Assays revealed an average survival rate of 65 % after exposure compared to dried, non-

exposed controls. Scanning electron microscopy showed no visible differences between the two 

conditions. As a conclusion, UVC irradiation under vacuum conditions neither affected 
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morphology, nor cellular integrity of dehydrated cells. However, on a molecular level, exposed 

cells differ from control cells. Overall, primary metabolites appeared less abundant after 

exposure to UVC and vacuum conditions. As cells experienced severe damage through 

oxidation events, these metabolites may be utilized in various repair processes, for instance, 

DNA mismatch repair (Zhang et al., 2003). Regarding protein damage, Joshi et al. (2004) 

observed a selective degradation and re-synthesis of several proteins during the lag period after 

applying ionizing irradiation. Our data approved the hypothesis for post UV/vacuum recovery, 

as we found several aminoacyl ligases, necessary for protein translation, in higher abundances 

compared to the control cells. Many repair processes require energy which can be obtained via 

the TCA cycle. After exposure, the majority of proteins involved in the TCA cycle showed an 

increased abundance, in line with the results of Joshi et al. (2004). 

D. radiodurans survives UVC and vacuum exposure, however, its nucleic acids are 

tremendously damaged. The comparative proteomics approach revealed several nucleic acid 

repair proteins which are more abundant after exposure. The UvrABC endonucleotide excision 

repair mechanism is certainly involved after application of UVC exposure. Although D. 

radiodurans´ genome encodes for multiple polymerases, the level of PolA is significantly 

induced after exposure to UVC and vacuum. The importance of PolA in re-synthesis of 

fragmented DNA after ionizing radiation exposure of D. radiodurans has been described 

previously (Slade et al., 2009). PolA mutants are highly sensitive to ionizing radiation (Gutman 

et al., 1993) and show substantial defects in DNA synthesis and repair abilities (Zahradka et al., 

2006). 

To activate response processes and alter expression levels of certain proteins, several 

transcriptional regulators are necessary and act as activators or repressors on certain regions on 

the genome. Potential candidates that belong into this group are of utmost interest for stress 

response studies. We observed an increased abundance of a transcriptional regulator (DR_0997) 

belonging to the FNR/CRP family after exposure to UVC/vacuum. Cyclic AMP repressor 

proteins (CRP) are involved in several cellular pathways, including adaptation to starvation and 

other environmental stresses, in various bacteria (Green et al., 2014; Soberon-Chavez et al., 

2017). An experiment showed that DR_0997 is involved in the stress response of D. 

radiodurans to ionizing radiation and UV radiation (Yang et al., 2016). On the other hand, we 

observed a decrease in abundance of another transcriptional regulator, which is part of the 

HTH_3 family (DR_2574). These regulators act as repressors of a variety of DNA damage 
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response proteins in vitro (Wang et al., 2015). These regulators, alongside others could be 

triggered via altered environmental conditions and therefore lead to a change in the proteome 

expression pattern to activate enzymatic and non-enzymatic stress response and repair 

mechanisms. 

The experiments revealed several similarities between the response to UVC/vacuum and 

ionizing radiation on a molecular level in D. radiodurans. No specific single proteins are 

upregulated, it is rather a complex, multilayer process. Interesting protein targets, which are 

higher abundant during the repair processes were emphasized and the role of primary 

metabolites, which are potentially used for various repair processes, and as primary carbon 

source, was discussed. Furthermore, this preliminary study was used to establish the extraction 

procedure for samples exposed throughout the Tanpopo mission. It was shown that harsh 

environmental conditions affect dried deinococci cells to a high extent and differences between 

treated cells and dried controls can be observed via -omics based studies.  
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Publication 

Proteomic and Metabolomic Profiling of Deinococcus radiodurans Recovering After 

Exposure to Simulated Low Earth Orbit Vacuum conditions 

Emanuel Ott, Yuko Kawaguchi, Natalie Özgen, Akihiko Yamagishi, Elke Rabbow, Petra 
Rettberg, Wolfram Weckwerth and Tetyana Milojevic 

Published in Frontiers in Microbiology (2019) DOI: 10.3389/fmicb.2019.00909 

Low Earth orbit exposure includes a multitude of challenging environmental conditions, 

including UV radiation, ionizing radiation, microgravity, temperature fluctuations and vacuum. 

To evaluate a possible survival of an organism outside the ISS, an exposure to the combined 

stress factors is necessary. However, looking at these factors individually likewise introduces 

interesting possibilities. Even though certain environmental conditions may not change the 

cells´ appearance, different changes are triggered on a molecular level, depending on the 

applied stress.  

In the low Earth orbit, pressure is extremely low (below 10-4 Pa) and hence a factor that 

represents a serious threat to microorganisms, leading to potential severe changes on proteomic 

and genomic level. The lipid bilayer can undergo a conversion of bilayer sheets to spherical 

micelles, affecting cell membrane associated proteins like porins and membrane-bound 

cytochromes (Cox, 1993). Furthermore, DNA is prone to experience double strand breaks under 

vacuum, which resembles intense dehydration (Dose et al., 1992; Dose et al., 1995). 

To assess effects caused by a single environmental factor, such as vacuum on D. radiodurans 

cells, an experimental setup which excludes other environmental influences is obligatory. In 

this experiment, D. radiodurans R1 cells were subjected to 8.7*10-5 Pa for a duration of 90 days 

in the ground-based Astrobiology Space simulation facility (Rabbow et al., 2016) at DLR 

(German Aerospace Centre), Cologne. Subsequent comparative metabolomic and proteomic 

analyses with control cells and inspection of RNA integrity were performed. 

One cellular compartment that is heavily targeted by vacuum stress is the cell wall. D. 

radiodurans possesses a complex cell envelope with outer membranes, S-layers and ornithine-

Gly containing mureins (Quintela et al., 1999). Due to thick cell walls, D. radiodurans is 

considered as a gram-positive bacterium, according to the staining, however, it includes a 

second membrane, which indicates a gram-negative bacterium (Battista, 1997). The external 

side of the cell wall is coated by an S-layer including several proteins and deinoxanthin, which 
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is the reason for the remarkable colour of D. radiodurans. The S-layer is extremely versatile, 

as protein expression is adapted to different environmental conditions by rearrangements of 

DNA (Pollmann et al., 2006). 

Through proteomic and metabolomic measurements, we aimed to identify molecular responses, 

characteristic for vacuum exposed cells. Many results regarding repair mechanisms were 

comparable to what we observed in the previous study after applying UV/vacuum stress to D. 

radiodurans. Damaged exposed cells accumulate less primary metabolites as they are 

potentially used for repair processes (Zhang et al., 2003). Proteins which appeared higher 

abundant after vacuum exposure showed a high amount of protein-protein interactions, whereas 

proteins, which are less abundant show a fewer amount of protein-protein interactions. This 

result indicates that several connected pathways work together to alleviate cell damage caused 

by vacuum exposure. Many higher abundant proteins belong to nucleic acid repair mechanisms, 

such as the UvrABC endonuclease repair mechanism, including the proofreading polymerase 

PolA. Other proteins with induced levels were the topoisomerases GyrA and GyrB, which 

appeared higher abundant in previous vacuum exposure experiments on B. subtilis spores as 

well (Munakata et al., 1997; del Carmen Huesca Espitia et al., 2002). 

ROS, which are produced extensively through vacuum exposure, entail dangers for various 

intracellular macromolecules. Consequently, D. radiodurans resort to enzymatic and non-

enzymatic ways to reduce the amount of ROS during recovery in complex medium. On protein 

level, the amounts of peroxidases and catalases are increased after exposure. Polyamines, such 

as spermidine and putrescine may contribute to the non-enzymatic defence of D. radiodurans 

as they were described as a primordial form of stress molecules in bacteria, plants and animals 

(Rhee et al., 2007). 

The activation of vacuum stress response in D. radiodurans is mediated by several regulators. 

A knockdown study performed by Im et al. (2013) revealed the importance of several histidine 

kinases in stress resistance to ionizing radiation and UV radiation. After vacuum exposure, we 

identified two type III histidine kinases DR_1227 and DR_0577 as more abundant during 

recovery. The upregulation of these histidine kinases may be connected to another protein, that 

showed a significant increased abundance during recovery, the S-layer protein DR_0774 

(Kennan et al., 2015). Alongside SlpA (DR_2577), DR_0774 is a major component of the S-

layer in the cell wall of D. radiodurans (Farci et al., 2014) and together with deinoxanthin, these 
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proteins were shown to be involved in cellular protection from UV radiation after desiccation 

(Farci et al., 2016).  
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Publication 

Molecular response of Deinococcus radiodurans to simulated microgravity explored 

by proteometabolomic approach 

Emanuel Ott, Felix M. Fuchs, Ralf Moeller, Ruth Hemmersbach, Yuko Kawaguchi, Akihiko 
Yamagishi, Wolfram Weckwerth and Tetyana Milojevic 

In press (19.11.2019) in Scientific Reports 

In case of the first two publications, we used dried D. radiodurans cells and exposed them to 

harsh environmental conditions, which are present in outer space. This experiment involved an 

allegedly less harmful factor, which is ubiquitous in outer space. Evolution of all known life 

has been accompanied by gravity force, thus microgravity is rarely experienced by organism 

on Earth (Anken and Rahmann, 2002). Consequently, it is interesting to evaluate changes in the 

phenotype, but also on molecular level, induced by the loss of gravity. Naturally, taking into 

account future long-term space exploration missions, effects of microgravity on humans and 

plants are of utmost interest. However, effects on microorganisms are likewise important, as 

they will unavoidably join these missions. A 13-fold increased cell density and more resistance 

towards antibiotics were observed for E. coli, grown on the ISS (Zea et al., 2017). Furthermore, 

elevated levels of exopolymeric substances were observed for Micrococcus luteus, cultivated 

on the ISS (Mauclaire and Egli, 2010). Ultimately, D. radiodurans showed a faster recovery 

after radiation damage when exposed to microgravity (Kobayashi et al., 1996). To investigate 

possible molecular reactions triggered by microgravity, we performed proteomic and 

metabolomic measurements on D. radiodurans after growth under simulated microgravity. 

To conduct this experiment, it was necessary to expose D. radiodurans for two days to 

microgravity, excluding short term exposure options, such as drop towers and parabolic flights. 

Consequently, a fast rotating 2-D clinostat was used to simulate reduced gravity for 48 h. The 

simulation of microgravity in a clinostat is based on the rotation around a horizontal axis 

perpendicular to gravity, assuming that cellular gravity-perception does no longer take place 

(Briegleb, 1992; Brungs et al., 2016; Hauslage et al., 2017). In case of agar plates, it is necessary 

to place a colony with a small diameter in the centre of the axis to guarantee the maximum 

simulation quality. For the experiment, the clinostat was placed in an incubator at 37 °C at 

60 rpm, which correspond to ~0.0161 g residual acceleration for a colony diameter below 0.8 

cm. Controls were placed in the same incubator to ensure same temperature and humidity 

conditions at static 1 g. 
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Obviously, growth of D. radiodurans under simulated microgravity caused less dramatic 

changes to the proteome compared to more severe environmental stress factors, for example, 

vacuum or radiation. Nevertheless, analysis of differently expressed proteins revealed several 

cellular pathways which responded to reduced gravity. Many microbial species, grown under 

low fluid shear environments (simulated microgravity) showed an increase in extracellular 

polymeric substances, cell aggregation, cell-cell contacts and biofilm formation (Searles et al., 

2011; Kim et al., 2013; Wang et al., 2016). D. radiodurans does not produce biofilms, however 

several proteins associated with the extracellular milieu were present in higher abundances for 

cells grown under simulated microgravity. These include several transporter proteins, which 

are involved in transportation of polypeptides and DR_0774, a major component of the S-layer 

in the cell wall of D. radiodurans. DR_0774 was already observed as higher abundant after 

applying vacuum stress to D. radiodurans (Ott et al., 2019). 

According to Uniprot, DR_0774 is annotated as type IV piliation system protein. In case of the 

biofilm producing D. geothermalis, adhesion threads are described as glycosylated type IV pili 

that are closely related to the type II protein secretion system (Saarimaa et al., 2006). In D. 

radiodurans, which lacks the ability to produce biofilms, Farci et al. (2014) described DR_0774 

as a secretin like S-layer component of D. radiodurans. Together with SlpA, DR_0774 

contributes to a complex that spans both the inner and the outer membrane (Farci et al., 2014). 

Thus, apart from being a structural pillar, which provides stability, these pillars may provide 

channels for trafficking. A higher abundance of these channels may contribute to increased 

extracellular trafficking, cell-cell contacts and other cell envelop associated events as a 

consequence of growth under simulated microgravity. 

Cultivation under simulated microgravity may induce changes to expression patterns of 

different transcriptional regulators, which might be responsible for the observed measurements. 

Previous studies emphasized the altered expression of the Hfq regulon in various bacterial 

species (Wilson et al., 2007; Crabbe et al., 2011; Huang et al., 2015). Although this specific 

regulon is not present in D. radiodurans (Sun et al., 2002), other transcriptional regulators 

showed an induced expression. Four proteins were identified via a STRING (Search Tool for 

the Retrieval of Interacting Genes/Proteins) search and uploaded to the SMART (Simple 

Modular Architecture Research Tool) database to annotate protein domains. Two of them are 

histidine kinases, which can be involved in controlling complex cellular processes, for instance 

as a result of adapting to environmental changes (Liu et al., 2017). The remaining two proteins 
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contained GGDEF and EAL domains. These domains are probably involved in modulating cell 

surface structures (Jenal, 2004) and extracellular protein production (Galperin et al., 2001). 

Computationally derived results of this study suggest that growth under reduced microgravity 

induces gene expression of protein targets, involved in general stress response, cell envelope 

and the extracellular milieu. Further research is necessary to undoubtedly unravel the role of 

each identified target and why it responds to reduced gravity. Future steps include the creation 

of mutants and the exposure of D. radiodurans to hypergravity to search for expression patterns 

which correlate with the applied gravity force.  
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Publication (under review) 

Molecular repertoire of Deinococcus radiodurans after 1 year of exposure to outer 

space 

Emanuel Ott, Yuko Kawaguchi, Denise Kölbl, Elke Rabbow, Petra Rettberg, Maximilian Mora, 
Christine Moissl-Eichinger, Wolfram Weckwerth, Akihiko Yamagishi, Tetyana Milojevic 

Under Review (20.09.2019) in ISME 

The final study included in the dissertation investigates molecular alteration in D. radiodurans 

after 1 y of exposure to outer space (LEO). Cells were placed in sample holders designed by 

the Tanpopo space mission team (Figure 1b). Wells located in round aluminium plates were 

filled with 1 µm of dried cell layers and covered with SiO2 filters to cut off harmful UV 

radiation shorter than 200 nm (Yano et al., 2014). Dried D. radiodurans were shipped to the 

ISS on board the SpaceX Dragon commercial cargo spaceship attached to the SpaceX-Falcon 

9 rocket, which launched on April 15th, 2015. They were manually attached to the exposed 

experiment handrail attachment mechanism (ExHAM), which was transferred to its final 

position on the Japanese exposure facility on May 26th (Figure 1a). D. radiodurans samples, 

used in this study, returned after one year on August 26th, 2016 on board the SpaceX Dragon 

C11. 

 

Figure 1: Exposure setup of dried D. radiodurans on the ISS (Figures from Kawaguchi et al. (2016)) (a) Japanese 
Exposure Facility KIBO of the ISS orbiting at an altitude of about 400 km. The exposed experiment handrail 
attachment mechanism (ExHAM) hosts the bacteria and can be maintained via the robotic arms of the remote 
manipulator system. (b) Exposure panel which is placed on the ExHAM. Each panel consists of 20 exposure units 
for round aluminium plates, containing 24 wells with the bacteria (blue rectangle). A passive dosimeter without 
samples is placed in every row (red rectangle). 

Upon confirmation of survival and recovery in complex liquid medium for two hours, 

transcriptomic, proteomic and metabolomics measurements were performed. In addition, 

scanning electron microscopy (SEM) directly after exposure and transmission electron 

microscopy (TEM) before and after recovery were performed. To complement the study, a 
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simulation experiment, mirroring LEO conditions (vacuum, temperature cycles, UVC 

radiation) was performed at DLR, Cologne. 

Survival assays confirmed the ability of D. radiodurans to survive 1 year in LEO, although 

survival rates were lower compared to control samples stored for the same period of time on 

Earth. SEM analysis revealed no changes in cellular integrity or morphological damage. 

However, the accumulation of nano-sized particles was detected on the surface of exposed cells. 

These spherical particles were not present on ground control samples and could be attributed to 

results of direct influence of outer space parameters on biological material (Maillard reactions). 

TEM observations further support the assumption of surface associated events, as the outer 

membrane of cells after exposure accumulate numerous vesicles.  

The early stage of recovery after LEO exposure of D. radiodurans induces the expression of a 

variety of genes involved in different molecular mechanisms. Exposure to harsh conditions 

present in LEO causes damage to multiple cellular macromolecules, such as nucleic acids, lipids 

and proteins. Although D. radiodurans is able to efficiently deal with these induced damages, 

it still requires resources for the repair processes. Amino acids are a preferred carbon energy 

source (Slade and Radman, 2011) and as D. radiodurans is not able to utilize ammonia as 

nitrogen source (Venkateswaran et al., 2000), it relies on exogenous amino acids to cover the 

demand. A previous study showed an elevated level of proteolytic activity after exposure to 

ionizing radiation (Daly et al., 2010). In a comparable fashion, increased levels of several 

proteases were identified in D. radiodurans during recovery from LEO exposure. Moreover, 

the abundances of measured amino acids, notably glutamine and glutamate, were lower in 

exposed cells compared to control cells. One possible explanation for their reduced abundances 

might be the utilization as intermediates for repair processes. Similar results were observed for 

the LEO-simulation experiment, with glutamine and glutamate showing most reduction in 

abundance. 

Measured proteomics data indicate that D. radiodurans focuses on nucleic acid repair during 

the early stage of recovery after LEO exposure. Especially the UvrABC endonuclease excision 

repair mechanism appears to be extremely important throughout this process. This flexible 

prokaryotic repair process is well suited to repair damage caused by UV radiation (Truglio et 

al., 2006). Indeed, an initial study to the Tanpopo space mission showed that although all factors 

present in outer space may pose a certain threat to D. radiodurans, UV radiation most 

negatively effects survivability (Kawaguchi et al., 2013). The transcriptomics analysis indicated 
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an increased expression of oxidative stress response proteins, such as catalase and pdxT, a gene 

involved in vitamin B6 synthesis, an efficient singlet oxygen quencher and potential antioxidant 

(Mooney et al., 2009). Compared to measured amino acids and organic acids, which appeared 

in lower abundances after LEO exposure, the level of the polyamine putrescine was higher. 

Putrescine may function as primordial form of stress molecules (Rhee et al., 2007). Moreover, 

many proteins and genes involved in putrescine biosynthesis appeared higher abundant after 

LEO exposure. Proteomic and transcriptomic approaches further revealed an increase of 

transporter proteins after space exposure. These additional transporters may enhance external 

nutrient uptake to support repair processes. Furthermore, they might be involved in withdrawal 

of vesiculated stress products, for instance damaged or misfolded proteins. This assumption is 

supported by TEM pictures, which show spherical-like structures associated with the outer 

membrane. 
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3 Concluding discussion and future perspectives 

The title of this cumulative dissertation “Molecular mechanisms of D. radiodurans 

survivability in outer space” already implies that D. radiodurans possesses abilities to survive 

harsh conditions of outer space environment for a certain period. Although survival of D. 

radiodurans is reduced remarkably after being exposed on the ISS for one year, it is necessary 

to mention that further exposure up to three years does not decrease the survival rate much more 

(yet unpublished data). Exposure to extreme environmental conditions results in damages to 

intracellular macromolecules, which need to be addressed. The required response mechanisms 

were expected to be triggered once the dried, exposed cells recover in complex liquid medium. 

Therefore, cells from all conducted experiments (the only exception is the microgravity 

simulation), were put in recovering medium for a short period between 2-5 h. To gain a deep 

understanding of molecular mechanisms involved after recovery, cells were immediately 

harvested and homogenized once the desired timepoint was reached. Homogenization was 

typically followed by extraction of molecules for various -omics studies. Comparing 

preliminary simulation experiments with exposure to LEO reveals interesting similarities and 

differences in the corresponding -omics datasets (Figure 2).  

Exposures to vacuum, UV/vacuum, LEO and, to a smaller extend, microgravity induce the 

expression of oxidative stress response proteins (e. g., catalases, peroxidases). Although these 

proteins might not be unique to D. radiodurans and thus cannot explain its extraordinary 

resistance towards the extreme environmental challenges, they certainly help to alleviate ROS 

damage. In D. radiodurans, nucleic acids are similarly affected by ROS compared to other 

bacterial species, causing double-strand breaks, single strand breaks and damaged bases (Slade 

and Radman, 2011). Proteins involved in the UvrABC endonuclease excision repair mechanism 

appear higher abundant after all the applied stresses, emphasizing the importance of this 

multienzyme complex. The mechanism works on a vast array of DNA lesions, which can differ 

significantly in their chemical composition and molecular architecture (Van Houten and 

Snowden, 1993). After a DNA lesion is recognized, the DNA strand is cut on both sides of the 

lesion, the resulting oligonucleotide is removed, the gap is filled by DNA synthesis and the 

remaining nick is ligated (Goosen et al., 1998). 

Another similarity observed after all applied stresses is a decrease in the relative amount of 

amino acids and organic acids after exposure during the early stages of repair. A possible 

explanation for this phenomenon might be the utilization of metabolites in repair processes 
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(Zhang et al., 2003). As D. radiodurans prefers amino acids as its energy carbon source and 

shows an increased proteolytic activity during repair processes after all applied stresses, this 

might result in a decreased amount at the snapshot impression after some hours of recovery. 

Inspecting the genome of D. radiodurans makes it challenging to uncover genes, responsible 

for its resistance to multiple environmental factors. Research revealed an unusually high Mn/Fe 

ratio compared to radiation sensitive bacteria (Daly et al., 2007). Inspired by Mn-

orthophosphate-peptide complexes present in D. radiodurans, synthetized complexes were 

injected into mice and increased their survivability against radiation damage (Gupta et al., 

2016). However, D. radiodurans possesses another interesting property, which should be 

accentuated when considering its resistances. D. radiodurans is phylogenetically related to 

Thermus thermophilus, both are red pigmented, nonsporulating, aerobic, share a similar GC 

content and an A3β murein-type peptidoglycan (Henne et al., 2004). Nevertheless, they show a 

phenotypically difference in their gram staining. Bacteria belonging to the Thermus species 

have a typical gram-negative cell wall, stain gram-negative, but own features which typically 

appear in gram-positive bacteria (e.g., ornithine in the peptidoglycan, branched-chained fatty 

acids in the lipids) (Pask-Hughes and Williams, 1978; Donato et al., 1990). The Deinococcus 

spp. stains gram-positive, although their fatty acid profile resembles those of gram-negative 

bacteria and they have an outer cell membrane, which is a unique and defining characteristic of 

gram-negative species (Slade and Radman, 2011). The proteomics datasets after stress exposure 

showed higher abundances of proteins involved in the S-layer apparatus. SlpA, the major 

component of the S-layer, plays an important role in maintenance of cell envelope integrity in 

D. radiodurans. Deletion of slpA resulted in substantial alterations in cell envelope structure, 

defect in resistance to solvent and shear stresses and loss of the outer Hpi protein carbohydrate 

coat, which gives D. radiodurans its typical pink colour (Rothfuss et al., 2006). Another 

important protein for the cell envelope is the type IV piliation system protein DR_0774, which 

might work as a secretin like S-layer component (Farci et al., 2014). It is presumably involved 

in removing damaged intracellular macromolecules during recovery. 

Results described in this cumulative dissertation cover three simulation experiments and wild 

type D. radiodurans exposed for one year outside the ISS. However, cells were exposed up to 

three years on the ISS and this long-term exposure experiment will probably unveil more 

mechanisms involved in repair after space exposure. Moreover, not only wild type D. 

radiodurans was exposed for a three-year period, but three mutants and D. aerius as well. 
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Mutations include genes responsible for DNA repair mechanisms, which are recA, uvrA and 

pprA. PprA plays a crucial role in a non-homologous end-joining pathway for the repair of 

radiation-induced DNA double strand breaks (Narumi et al., 2004). RecA is part of the bacterial 

SOS response and promotes DNA repair after exposure to extreme levels of ionizing radiation 

(Ngo et al., 2013). UvrA is part of the UvrABC excision repair mechanism and is responsible 

for initiating the repair by transporting UvrB to the damaged sites (Truglio et al., 2006). Based 

on our shotgun proteomic measurements, we expect the uvrA mutant to show most exciting 

results after exposure to LEO conditions, as all applied stresses (vacuum, UV and vacuum and 

LEO) induced the expression of genes related to the UvrABC excision repair mechanism. 

Results of this cumulative dissertation can certainly support future space exploration missions 

and may be interesting for planetary protection issues. Even outside spacecrafts, certain 

microorganisms, for instance, D. radiodurans can maintain their cellular integrity and start to 

proliferate after getting in contact with the required nutrient resources at ambient conditions.  

 

Figure 2: Graphical summary of important molecular alterations in D. radiodurans after exposure to real or 
simulated LEO conditions. 
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