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Prefazione 

Questa tesi si basa sull’analisi della sopravvivenza, e dell’eventuale danno subito, di due 

specie di funghi neri meristematici e di comunità criptoendolitiche antartici successivamente 

all’ esposizione per un anno e mezzo a condizioni spaziali reali e marziane simulate 

all’esterno della Stazione Spaziale Internazionale (ISS).  

A seguito dell’esperimento, l’interesse del candidato si è esteso a quei microrganismi che, 

essendo presenti nelle “Spacecraft Assembly Facilities” (SAF), potrebbero potenzialmente 

contaminare sistemi extraterrestri considerati “incontaminati” dall’intervento antropico. Per 

ognuna delle tematiche affrontate, i risultati elaborati e discussi sono stati inviati a delle 

riviste peer-reviewed con IF per la valutazione e la pubblicazione.  Ciascuno dei capitoli da 2 

a 4 è in ogni sua parte conforme al manoscritto inviato ad una rivista (capitolo 2 in press, 

capitolo 3 accepted e capitolo 4 published), ad eccezione della bibliografia, la quale 

rappresenta il capitolo finale della tesi.  Infine, nel capitolo 5 è presentata una discussione 

generale delle tematiche affrontate e dei risultati ottenuti e la loro rilevanza ai fini degli 

obiettivi dello studio. 
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1. Introduction 

 

1.1 What is Astrobiology? 

With the development of space technology, astrobiology has been established as a scientific 

discipline. Classical biological research has concentrated on the only example of “life” so far 

known, i.e. life on Earth. In contrast, astrobiology extends the boundaries of biological 

investigations beyond the Earth, to other planets, comets, meteorites and space at large. To 

date, the overriding objective of “exobiological” research is to attain a better understanding of 

the principles leading to the emergence of life from inanimate matter, its evolution, and its 

distribution on Earth and throughout the Universe (Klein 1986). To reach this goal, 

astrobiological research has focused on the different steps of the evolutionary pathway 

through cosmic history that maybe related to the origin, evolution and distribution of life. 

Since it involves many disciplines, in this study emphasis will be laid to the results obtained 

through a biological approach.  

The present thesis would in one hand discuss the bewildering resistance of microorganisms 

exposed to real space and Mars simulated conditions, and on the other hand clarify with a 

methodological approach, the new procedures to minimize the biological cross-contamination 

resulting from the exploration of the solar system. 
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1.2 Life on Earth and Beyond. There’s a limit of Biosphere? 

Despite an ever-expanding understanding of the limits of life in Earth’s most extreme 

environments, little remains known about life’s resolve when removed from Earth and the all-

encompassing biosphere that cradles it. For example, can life resist to a transfer between 

planets? 

Based on the wide distribution of cosmic dust, the theory of Panspermia (Arrhenius, 1903, 

1908) postulates that microscopic forms of life, e.g. spores, can be propagated in space driven 

by radiation pressure from the sun (Robertson. 1937), thereby seeding life from one planet to 

another. Since its formulation, panspermia has been subjected to several criticisms with 

arguments such as (1) it cannot be experimentally tested (Lederberg, 1960), (2) it shunts aside 

the question of the origin of life (Dose, 1986; Allamandola et al., 1989; Haynes, 1990), and 

(3) spores will not survive long-time exposure to the hostile environment of space, especially 

vacuum and radiation.  

Richter (1865) and Arrhenius (1903)first proposed the panspermia theory, which speculates 

about the transfer of life between planets. Although panspermia still remains little more than 

an idea and there is no evidence that it has occurred, the various steps required for the transfer 

of organisms from one planet to another have been the focus of experimental testing (Cockell, 

2008). A variety of recent discoveries have shed new light on the likelihood of viable transfer 

in space such as (i) the detection of meteorites, some of lunar and some of Martian origin; (ii) 

the detection of organics and the still highly debated supposition of microbial fossils in one of 

the Martian meteorite; (iii) the probability of small particles of diameters between 0.5 μm and 

1 cm boulder-sized rocks reaching escape velocities by the impact of large comets or asteroids 

on a planet, e.g., on Earth (Melosh 1988) or Mars (Vickery and Meloish 1996); (iv) the ability 

of bacterial spores to survive to a certain extent the shock waves of such a simulated impact 

(Horneck et al., 2001); (v) the high UV resistance of microorganisms at the low temperatures 

of deep space, tested at temperatures down to 10 K; (vi) the reported survival of bacterial 

spores over millions of years, if enclosed in amber or salt stocks, or in space over periods 

extending up to 6 years (Horneck et al., 1994); (vii) the paleogeochemical evidence of a very 

early appearance of life on Earth in the form of metabolically advanced microbial prokaryotic 

ecosystems leaving not more than approximately 0.4 Ga for the evolution of life from the 

simple precursor molecules to the level of a prokaryotic, photoautotrophic cell; (viii) the 

biochemical evidence of a common ancestor for all life forms on Earth; (ix) the likelihood of 

artificial or directed transport by probes sent to other planets (Crick and Orgel, 1973). Viable 
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transfer from one planet to another requires that life, probably of microbial nature, survives 

the following three steps: (i) the escape process, i.e. ejection into space, e.g., caused by a large 

impact on the parent planet; (ii) the journey through space, i.e. time scales in space 

comparable with those experienced by the Martian meteorites (approximately 1-15 Ma); and 

(iii) the landing process, i.e. non-destructive deposition of the biological material on another 

planet (Fig. 1). 

 

Fig. 1 Scenario of an interplanetary transfer of life in the solar system 

 

Although it will be difficult to prove that life could be transported through our solar system, 

estimates of the chances for the different steps of the process to occur can be obtained from 

measurements, calculations, and experiments.  

 

1.2.1 Boundaries of Biosphere 

 

Distribution of air spora including their identity, behavior, movements and survival in the 

troposphere, as well as their impact on public health and agriculture are well understood 

(Horneck and Brack, 1992). They comprises viruses, bacteria, algae, microfungi, fungal 

spores of moss and fern, pollen, minute seeds, and protozoan cystis, up to the concentration of 

100s-1000s per m
3
. It has been shown that spores as well as pigmented species are especially 

adapted to survive in inhospitable environment, characterized by low temperature, drought, 
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low pressure and solar radiation (Mancinelli and Shulls, 1978). With increasing height, the 

concentration of air spora rapidly falls off. In a few early experiments, using balloons or 

meteorological rockets with especially designed analysers, viable microorganisms were 

collected up to 77 km (Rogers and Meier, 1938; Imshenetsky et al., 1976, 1978, 1979). They 

collected predominantly black conidia and spores of fungi. It is assumed that pigmentation 

offers a selective advantage for the spores, because it protects them against the intense solar 

UV radiation. No viable microorganisms were collected from Earth orbit by use of collectors 

on Gemini 9A and 12. A pivotal role for the understanding of limits of life has been played by 

the progress of space technology. 

 

1.3 The dawn of the livings: Astrobiological Exposure Facilities. 

 

Space technology has provided opportunities to expose terrestrial specimens, such as prebiotic 

compounds, organic molecules and organisms, to this unique environment of space or to 

selected space conditions (Horneck and Brack 1992). Questions to be tackled include:  

 

 the chemistry of precursors of life in space, e.g. in the interstellar medium or in 

comets;  

 the role of the extraterrestrial short wavelength UV radiation, at present absorbed by 

the Earth’s ozone layer, on prebiotic and biological evolution;  

 the survival of microorganisms, when travelling in space, e.g. as blind passengers 

inside of meteorites (lithopanspermia hypothesis);  

 the survival of microbial contaminants on space craft on outbound missions to other 

planets (planetary protection requirements);  

 the limits of life.  

 

During previous space missions, such as Gemini, Apollo 16 (Taylor et al. 1974), Spacelab 1 

(Horneck et al. 1984a and b), Spacelab D2 (Horneck et al. 1994a; 1996), LDEF (Long 

Duration Exposure Facility) (Horneck et al. 1994b), MIR (Rettberg et al. 2002), EURECA 

(EUropean REtrievable CArrier) (Horneck et al. 1995) and several Foton missions (Horneck 

et al. 2001, Rettberg et al. 2004, Sancho et al. 2007) (Table 1), exposure of various 

microorganisms to selected or combined space conditions demonstrated the lethal effects of 

extraterrestrial short wavelength solar UV radiation, but also the enormous resistance of 
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selected species against LEO vacuum when UV shielded (Horneck 1998). Recent experiments 

on board of the BIOPAN facility extended the list of organisms surviving exposure to space 

vacuum in LEO with lichens (Sancho et al. 2007) and tardigrades (Jönsson et al. 2008). Both 

are eukaryotic and multicellular. The macroscopic lichens even survived UV-C exposure 

during their two-week flight in LEO.   

Except for the two free flying satellite missions LDEF and EURECA that were planned to 

stay in orbit for approximately 1 year and with LDEF accidentally remaining in space for 

nearly 6 years, exposure of most exobiological experiments in space did not last longer than 

approximately 2 weeks (Foton, Spacelab, Gemini). With the availability of the International 

Space Station (ISS), more extended exposure experiments have become possible. The 

European Space Agency has provided the exposure facility EXPOSE for astrobiology 

experiments in Low Earth Orbit (LEO). 

This technical availability has led to several studies, under real space conditions (Buecker and 

Horneck, 1970; Mancinelli and Klovstad, 2000; De la Torre et al., 2003)  in spaceflight 

experiments (Horneck, 1993; Fajardo-Cavalzos et al., 2005; Sancho et al., 2007; De los Rìos 

et al., 2010; Horneck et al., 2010). The  one of the main objectives of these astrobiological 

experiments has been to test whether different kinds of organisms can survive in the 

extremely hostile conditions of interplanetary space with particular attention to the space 

vacuum that causes dehydration of the samples and the high intensity of cosmic rays and solar 

extraterrestrial UV radiation, the latter being especially harmful to DNA. The survival 

capacity of exposed organisms is an interesting feature that can indirectly support or deny the 

old panspermia theory and recent revisions (Friedmann et al., 2001; Fajardo-Cavalzos et al., 

2005).  
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Fig. 2 International Space Station 

 

 

1.3.1EXPOSE Facility 

Following an European Space Agency announcement of opportunity in 1996 for ”Externally 

mounted payloads for 1st utilization phase” on the International Space Station (ISS), scientists 

working in the fields of astrobiology proposed experiments aiming at long-term exposure of a 

variety of chemical compounds and extremely resistant microorganisms to the hostile space 

environment. The ESA exposure facility EXPOSE was built and an operations´ concept was 

prepared. The EXPOSE experiments were developed through an intensive pre-flight 

experiment verification test program. 12 years later, two sets of astrobiological experiments in 

two EXPOSE facilities have been successfully launched to the ISS for external exposure for  

1.5 years. The present study will focus on EXPOSE-E Facility LIFE experiment, that will be 

discribed in depth in the next chapters.  
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    Table 1. Experiments selected and accommodated in EXPOSE-E 

 

 

Fig. 3 EXPOSE Facility. 
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1.4 Model Organisms selected for EXPOSE-E LIFE experiments  

In view of the harsh conditions of space, the choice of suitable test organisms is of great 

importance. Some authors, such as Horneck (1993), Horneck et al. (1994, 2001), and 

Mancinelli et al. (1998), have worked with bacterial endospores and halophiles, respectively, 

because of their known exceptionally high resistance to harsh terrestrial climatic conditions, 

while, in recent years, lichens have also been tested (Sancho et al., 2007, 2008; De la Torre et 

al., 2010). During the Foton M2 and Foton M3 missions, Rhizocarpon geographicum, as well 

as Xanthoria elegans, survived for 10 days in the LICHENS experiment, while Aspicilia 

fruticulosa survived for a 16 days journey in Low Earth Orbit (LEO) space, demonstrating 

resistance in a short term space experiment. 

All the while, the lack of data in response to long term exposure in outer space remains a task 

of great interest.  

In addition to the previous test systems mentioned, other model organisms have been elected 

as test samples to assess the possible survival in LEO space. 

Since some of the most resilient life forms ever encountered are cryptoendolithic fungi and 

epilithic lichens originally discovered in the extremely cold, hyper-arid dry valleys of 

Antarctica (Friedman et al., 1982), and after positive results during Experiment Verification 

Tests (EVTs) (Onofri et al. 2008), Antarctic black meristematic fungi Cryomyces antarcticus 

(CCFEE 515), Cryomyces minteri (CCFEE 5187), as  well as whole Antarctic criptoendolithic 

communities have been exposed for 1.5 years in real space and Mars simulated conditions in 

the ESA EXPOSE-E facility. 

The first two chapters of the present thesis will focus on the after-retrieval analyses of the 

LIFE test systems. In particular, it has been investigated the survival of the test systems as 

well the survivals of those organisms embedded in their natural substratum.  

 

1.5 The aim: Planetary Protection issues  

 

LIFE experiment as well as EXPOSE-type facilities have different implications in the future 

life detection missions, besides the understanding of the likelihood of lithopanspermia. Since 

the last 50 years, human activities in space exploration have become another potential source 

of spreading microorganisms between planets. Nearly 40 robotic missions have been launched 

with Mars as their destination (Horneck et al. 2007). In order to prevent the introduction of 

microbes from the Earth to another celestial body or vice versa, a concept of contamination 
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control has been elaborated by the Committee on Space Research (COSPAR) under 

consideration of specific classes of mission/target combinations, which have been 

recommended to be followed by each space-faring organization (COSPAR 2011). Lander 

missions to Mars require especially strict measures of cleanliness and partial sterility of the 

spacecraft (COSPAR 2011). The test systems that have been used in the LIFE experiment, 

though unlikely to be found on spacecraft, can be considered as models for demonstrating 

how life, if accidentally transferred from Earth to outer space, may resist and contaminate 

other celestial bodies and planets (i.e. Mars), thereby interfering with future life detection 

missions. Moreover EXPOSE itself it has been used as “testbed” for experiments in support 

of upcoming Planetary Protection mission.  

To control the bioload of Spacecrafts and their related environments (Spacecraft Assembly 

Facilities), the fields of applied microbiology and molecular biology have made enormous 

technological advancements over the past two decades. The development of DNA-based 

methodologies has resulted in applications ranging from quantitative polymerase chain 

reaction (PCR) assays that are sensitive down to a single cell, to high-throughput methods that 

can simultaneously identify the widest possible range of biosignatures in a sample (Brodie et 

al. 2006; Sogin et al. 2006). Despite advances in the specificity and sensitivity of molecular 

biological technologies, however, the ability to efficiently collect (Bruckner and 

Venkateswaran 2007) and purify nucleic acids (La Duc et al. 2007b; Moissl et al. 2007b) 

from low-biomass environments remains a significant challenge for accurately describing the 

true microbial diversity of these samples. To this end, the third chapter of the present study 

will focus on suitable protocols and procedures involved with the collection, processing, and 

molecular analysis of contaminant biomolecules from clean-room surfaces. 
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2. Survival of rock-colonizing organisms after 1.5 year in outer 

space* 

 

Abstract 

 

Cryptoendolithic microbial communities and epilithic lichens have been considered as 

appropriate candidates for the scenario of Lithopanspermia, which proposes a natural 

interplanetary exchange of organisms by means of rocks that have been impact ejected from 

their planet of origin. So far, the hardiness of these terrestrial organisms in the severe and 

hostile conditions of space has not been tested over extended periods of time. A first long-

term (1.5 years) exposure experiment in space was performed with a variety of rock-

colonizing eukaryotic organism at the International Space Station on board of the European 

EXPOSE-E facility. Organisms were selected that were especially adapted to cope with the 

environmental extremes of their natural habitat. It was found that some – but not all - of those 

most robust microbial communities from extremely hostile regions on Earth are also partially 

resistant against the even more hostile environment of outer space, including high vacuum, 

temperature fluctuation, the full spectrum of extraterrestrial solar electromagnetic radiation 

and cosmic ionizing radiation. Although the reported experimental period of 1.5 years in 

space is not comparable with the time spans of thousands or millions of years believed to be 

required for Lithopanspermia, our data provide first evidence of the differential hardiness of 

cryptoendolythic communities in space. 

 

Keywords: Astrobiology, Lithopanspermia, Radiation Resistance, Survival, Vacuum 

 

*Silvano Onofri, Rosa de la Torre, Jean-Pierre de Vera, Sieglinde Ott, Laura Zucconi, Laura 

Selbmann, Giuliano Scalzi, Kasthuri J. Venkateswaran, Elke Rabbow, Francisco J. Sanchez 

Iñigo, and Gerda Horneck. EXPOSE-E special Issue, Astrobiology 2012 (in press) 
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2.1 Introduction 

 

The Lithopanspermia hypothesis suggests that impact-ejected rocks could transfer living 

organisms through space from one planet to another. This scenario implies that rock-

embedded organisms need to survive the following three phases: Firstly (phase-I), the ejection 

into space inside of rock fragments, caused by an impact of a cosmic projectile on one planet 

(Melosh, 1984); secondly (phase-II), the journey through space for a long time (hundreds, 

even thousands or millions, of years) (Gladman et al., 1996); and lastly (phase-III), the 

capture by and landing on another planet (Mileikowsky et al., 2000; Horneck et al., 2008; 

Nicholson, 2009). This hypothesis dates back to Lord Kelvin’s Presidential address to the 

British Association in 1871 (Thomson, 1871). However, it was dismissed by most 

contemporary scientists because it was the general opinion that outer space would kill any 

living being exposed to it; and there was no way at that time to test it experimentally. Another 

severe criticism was that it anyhow just shifts the problem of the origin of life to another 

planet. Only in the last decade, after the detection of several meteorites that originated from 

Mars (Nyquist et al., 2001; Fritz et al., 2005; Shuster & Weiss, 2005; The Meteoritical 

Society, 2011), Lithopanspermia was again seriously considered (Sancho et al., 2007; Stöffler 

et al, 2007; Horneck et al 2008; 2010; Nicholson, 2009; de la Torre et al., 2010).  

Shock recovery experiments performed to test phase-I of Lithopanspermia showed that spores 

of Bacillus subtilis and the lichen Xanthoria elegans could survive pressures up to 40 GPa, 

which are comparable to those experienced by the Martian meteorites (Stöffler et al, 2007; 

Horneck et al., 2008). Space technology provided the opportunity to study a variety of 

biological specimens after exposure to space. Among the systems tested, bacterial spores (B. 

subtilis) and the lichens Rhizocarpon geographicum and X. elegans stood out due to their high 

resistance to the hostile space environment (Sancho et al., 2007; Horneck et al., 2010; de la 

Torre et al., 2010). However eukaryotes have never been studied after long-term exposures to 

space conditions.  

To investigate the fate of lithic organisms and communities during long-term travel in space, 

we used ESA’s EXPOSE-E facility (Rabbow et al., 2009; Rabbow et al., this issue). This 

facility was attached to the balcony of the Columbus module of the International Space 

Station (Fig. 1A). EXPOSE-E was designed to expose a variety of biological systems to 

selected parameters of space over time-spans of one year and more. All biological test 
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systems of the LIFE (Lichens and Fungi Experiment) experiment were rock-dwelling 

organisms from hostile regions: Antarctic cryptoendolithic (dwelling inside rocks) 

communities in their natural sandstone, microcolonial black cryptoendolithic fungi 

(Cryomyces antarcticus and Cryomyces minteri) isolated from Antarctic sandstone, and high 

mountain epilithic lichens (R. geographicum and X. elegans) (de Vera et al., 2003; 2008; 

Selbmann et al., 2005; Sancho et al., 2007; de la Torre et al., 2010). These lichens were 

selected as test systems due to their high resistance to space conditions demonstrated during 

short-term (10-16 days) exposures (LICHENS Experiment on ESA’s FOTON M2 Mission 

2005 and LITHOPANSPERMIA Experiment on ESA’s FOTON M3 Mission 2007) (Sancho 

et al., 2007; de la Torre et al., 2010). The biological samples were accommodated in small 

chambers (1.4 cm in diameter) of the EXPOSE-E facility (Fig. 1B). During the space mission 

they were exposed either to the full space environment (vacuum from 10
-7

 to 10
-4

 Pa, 

fluctuations of temperature between -21.5 and +59.6 C°, cosmic ionizing radiation up to 190 

mGy, and solar extraterrestrial electromagnetic radiation up to 6.34 × 10
8
 Jm

-2
) or they were 

shielded from insolation. After 1.5 years in space, the samples were retrieved and their 

viability was investigated. During the mission the sun-exposed LIFE samples had been 

exposed to 1,879 eSCh (estimated Solar Constant hours) (Rabbow et al. 2012).
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2.2 Material and Methods 

 

Experiment hardware and biological samples of the LIFE experiment on board of the 

International Space Station. 

The EXPOSE-E facility is part of the European Technology Exposure Facility (EuTEF) (Fig. 

1A), which was designed for testing different materials under selected parameters of space. 

EuTEF with EXPOSE-E accommodating the biological samples of the LIFE experiment (Fig. 

1B), was launched on February 7, 2008 with Space Shuttle STS-122 to the International 

Space Station (ISS). On February 15, 2008 it was mounted onto the outside balcony of the 

Columbus module by Extravehicular Activity (EVA). EXPOSE-E was decommissioned on  

September 1, 2009, retrieved by EVA on September 2, 2009 and returned to Earth on 

September 12, 2009 with STS-128. During the 1.5 year mission, the samples were exposed to 

space vacuum (10
-7

 to 10
-4

 Pa) (Horneck et al., 2010), galactic cosmic radiation (≤190 mGy) 

(Berger et al., this issue) and to the full spectrum of solar extraterrestrial electromagnetic 

radiation (λ>110 nm) with fluences of 9.19 ×10
5
 Jm

-
² (below a 0.1% transmission neutral 

density filter) and 6.34 ×10
8
 Jm

-
² (100% transmission insolated samples). All fluences were 

calculated for the biologically active UV range of 200 nm <  > 400 nm, and depending on 

the orientation of the ISS to the Sun. Temperature varied between -21.5 °C and +59.6 °C 

(Rabbow et al., 2012).  
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Fig. 1. Experiment hardware and biological samples of the LIFE experiment. (A) EXPOSE-E 

facility (arrow) attached to the Columbus module of the International Space Station (ISS) 

during orbital flight, accommodating the LIFE samples. (B) Samples of LIFE experiment 

accommodated in one of the compartments of EXPOSE-E facility (wells diameter 1.4 cm). 

Vertical rows show: X. elegans (b1), and R. geographicum (b2) on their natural rock habitat; 

dried cultures of the lichen fungus (mycobiont) of X. elegans (1
st
 and 3

rd
 sample from the top 

in b3); sandstone fragments colonized by a stratified cryptoendolithic microbial community 

(2
nd

 and 4
th

 samples from the top in b4), and the fungi C. antarcticus and C. minteri (from the 

top 2
nd

 and last sample in b3, upper and 3
rd

 sample in b4). 
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Test systems of the LIFE experiment 

The lichen Xanthoria elegans was collected from alpine habitats between 2000 and 3000 m 

altitudes at Zermatt, Switzerland (45°59’N, 7°48’E) (de Vera et al., 2003; 2008); Rhizocarpon 

geographicum was collected from the Plataforma de Gredos, Spain (40º17’N, 5º14’W) at an 

altitude of 2020 m (de la Torre et al., 2010); sandstone fragments colonized by a stratified 

cryptoendolithic microbial community were collected by L. Zucconi at Battleship Promontory 

(76°54’37.6”S 160°55’27.5”E), Southern Victoria Land, Antarctica in January 2004, and the 

microcolonial black yeast-like fungi Cryomyces antarcticus CCFEE 515 and Cryomyces 

minteri CCFEE 5187, both dwelling cryptoendolithically, were isolated from sandstone 

collected in McMurdo Antarctic Dry Valleys (Selbmann et al., 2005). The survival of those 

cryptoendolithic organisms is of special interest in term of Lithopanspermia, because rocks 

may supply an additional external protection to face the impact-driven ejection into space 

(Horneck et al., 2008; Meyer et al., 2011) and transfer from one planet to another. 

 

Viability assays of the LIFE test systems 

The photosynthetic activity of the lichens X. elegans and R. geographicum was measured 

after reactivating the samples in a climatic chamber under the following controlled conditions: 

constant temperature of 10°C, 12 h light and 12 h dark cycles for 96 h (X. elegans) or 72 h (R. 

geographicum). Irradiation with photosynthetic active light was performed using a mercury 

lamp with a 100 μmol m
-
² s

-1
 photosynthetic photon flux density. For rehydration samples 

were sprayed twice a day with deionized water. After reactivation, the activity of the 

PhotoSystem II (PSII) of the photobiont was measured by use of a Mini-PAM fluorometer 

(Heinz Walz GmbH), as described previously (Sancho et al., 2007; de Vera et al., 2008). 

Lichens were rewetted immediately before each measurement. The optimum quantum yield of 

chlorophyll a was determined by fluorescence measurements after 20 minutes of dark 

adaptation according to the equation: 

Fv/Fm = (Fm - Fo)/ Fm  

with Fv = variable fluorescence yield, Fm = maximal fluorescence yield, and Fo = minimal 

fluorescence yield. This optimum quantum yield of PSII was taken as an indication of the 

PSII activity of the photobiont of the lichen system after the exposure to space parameters. 

The percentage (n=2 for space 100% insolated, and for space 0.1% insolated, and n=4 space 

dark samples) of PSII activity was determined from the ratio of the Fv/Fm of the same flight 
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sample before and after flight. Control data are given for the same sample measured before 

space flight (pre-flight) (Fig. 2A and B). 

The survival of C. antarcticus and C. minteri (Fig. 3A and B) was determined from their 

colony forming abitiliy as percentages of CFU (Colony Forming Units). Growth tests were 

performed by suspending fungal cells from rehydrated colonies in a 0.9% NaCl solution, 

inoculating them on Malt Agar (MA) Petri dishes (5 replicates), and incubating them at 15°C 

for 30 days. Control data were obtained from fresh colonies. Statistical analyses were 

performed by one-way analysis of variance (Anova) and pairwise multiple comparison 

procedure (Tukey test), carried out using the statistical software SigmaStat 2.0 (Jandel, USA). 

The means (n=5) ± s.d. are plotted. *, P=0.001; Power of performed test with α=0.050: 1.000 

(Fig. 3A and B). 

The Propidium Monoazide (PMA) assay was used to check the integrity of the cell 

membranes after spaceflight. Fractions of DNA extracted from intact cells of 

cryptoendolythic fungi C. antarcticus and C. minteri colonies were compared with the 

fraction of DNA extracted from cells isolated from the space exposed colonized sandstone 

fragments. It was performed by adding PMA (Biotium, Hayward, CA) at a final concentration 

of 200 μM to the re-hydrated fungal colonies or to powdered rock suspensions in PBS 

(Phosphate Buffer Saline) solution. PMA penetrates only damaged cell membranes, crosslinks 

then to DNA after light exposure and thereby prevents Polymerase Chain Reaction (PCR). 

Following DNA extraction and purification (Maxwell 16 automatised DNA extraction 

instrument, Promega, Madison, WI), 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. For all 

reactions, 1 μl of purified genomic DNA was added to 23 μl 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 0.02 M final concentration. 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 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 performed. 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 60-95°C in 0.5°C per 5 
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s increments. These protocols were applied to the processing of both fungal colonies, and 

cryptoendolithic sandstone samples. 

Control data have been obtained for an identical sample stored on ground in the laboratory 

during the mission (Control). Because cryptoendolithic communities are not uniformly 

distributed within the rocks, different quantities of total fungal DNA were obtained from 

different rock samples (Fig. 3C, D and E).  

Space data are given for samples shielded from extraterrestrial UV radiation (Space Dark), 

exposed to (>110 nm) at a fluence of 9.19  10
5
 Jm

-
² beneath a 0.1 % transmission MgF2 

filter (Space 0.1% insolated), or at a higher fluence of 6.34  10
8
 Jm

-
² (Space 100% 

insolated). Statistical analyses were performed by one-way analysis of variance (Anova) and 

pairwise multiple comparison procedure (Tukey test), carried out using the statistical software 

SigmaStat 2.0 (Jandel, USA)*, P=0.001. **, P>0.05. Power of performed test with α=0.050: 

1.000. The means (n=3) and ± s.d. are plotted (Fig. 3C, D and E).  

 

 

Confocal Laser Scanning Microscopy (CLSM) imaging: Viability of X. elegans analysed by 

LIVE/DEAD staining kit FUN 1 

Adult lichen thallus, young thallus and the isolated mycobiont of X. elegans were stained by 

FUN 1 to determine their viability. A green and yellow color of the cells indicates that they 

still maintain vitality. A change from green to yellow color in the cytoplasm and from green 

to red color in the vacuoles is an indication of physiological activity expressed by 

accumulation of the dye in the vacuoles. Dead cells cannot be stained and therefore red 

crystals are not formed in the vacuoles. 

Instruments used for imaging are: LSM 510 META of Carl Zeiss Mikroskopsysteme Jena 

GmbH with objective lenses 10 x and 40 x/oil emersion, scanning resolution 1024 x 1024 

Pixel and time 64μs to 1,76μs, scan zoom 0.7x – 2.8, image bit depth 12 bit, experimental 

temperature condition 22°C, UV-Laser with emission wavelength 488/561/633nm and VIS-

Laser HeNe with 633nm excitation and 5mW power, Filters with ChS1 679-754; Ch2 BP 

505-550; Ch3 BP 575-615. For operation of the instrument, the Carls Zeiss Jena GmbH 

software system at the Institute of Genetics of the Heinrich-Heine-University Düsseldorf was 

used. 
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2.3 Results 

First visual inspections assured that the “space samples” had not changed in shape and color 

compared to their pre-flight appearances. Tailored to each test system, different viability 

assays were applied: (i) photosynthetic activity of the lichenized alga (photobiont) of X. 

elegans and R. geographicum (Fig. 2A and B), (ii) colony forming ability of C. antarcticus 

and C. minteri (Fig. 3A and B), (iii) fraction of DNA amplified from intact cells of C. 

antarcticus and C. minteri and of cryptoendolithic communities inside sandstone fragments 

(Fig. 3C, D and E), and (iv) viability of X. elegans and the fungus of the lichen (mycobiont, 

cultured without the algal symbiont and dried) by means of vital staining (Fig. 4). 

Among those space samples that were shielded from extraterrestrial insolation, but were 

exposed to space vacuum, cosmic radiation and temperature fluctuations (Space Dark in Figs. 

2 and 3), the lichen X. elegans excelled by a PhotoSystem II (PSII) activity of (99.35 ± 

0.59%) compared to the pre-flight data of the same samples (Fig. 2A). This high viability was 

not reached by the other space test systems kept in the dark during the mission: (2.46 ± 

1.39%) for the PSII activity of the lichen R. geographicum (Fig. 2B), and (8.04 ± 3.05%) and 

(0.13 ± 0.07%) surviving cells for C. antarcticus and C. minteri respectively (Fig. 3A, and B). 

PMA assay showed (98 ± 4.67%) and (8.14 ± 0.35%) of DNA amplified from intact cells 

from colonies of C. antarcticus and C. minteri respectively (Fig. 3C, and D), in comparison to 

total extracted DNA; the percentage of DNA amplified from intact fungal cells in sandstone 

fragments was (18 ± 0.18%) (Fig. 3E). 
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Figure 2 
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Fig. 2. Viability of the lichens (A) X. elegans and (B) R. geographicum, determined by 

fluorescence measurements of the photosynthetic activity of the photobiont. Control data are 

given for the same sample measured before space flight (pre-flight), as 100% viability. Space 

data are given for samples shielded from extraterrestrial UV-radiation (space dark), and 

insolated (>110 nm) at a fluence of 6.34  10
8
 Jm

-
² (space 100% insolated). 
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Figure 3 
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Fig. 3. Viability of the fungi (A), C. antarcticus and (B), C. minteri, as percentage of survival, 

determined as CFU (Colony Forming Units). Control data were obtained from fresh colonies. 

No CFU were obtained from the samples “Space 100 % insolated”. The means ± s.d. are 

plotted. *, P=0.001; Power of performed test with α=0.050: 1.000. 

Fraction of DNA amplified from intact cells of C. antarcticus  and C. minteri (C and D) 

colonies, and from sandstone fragments (E) after different space conditions, compared to total 

extracted DNA. PMA penetrates only damaged cells’ membranes, crosslinking to DNA after 

light exposure, and thereby preventing PCR amplification. Following DNA extraction and 

purification, quantitative PCR was used to quantify the number of fungal ITS rDNA genes 

(203 bp) amplifiable in samples treated and non-treated with PMA. The means (n=3) and ± 

s.d. are plotted. Statistical significance was calculated using the Tukey test. *, P=0.001. **, 

P>0.05. Power of performed test with α=0.050: 1.000.  
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The viability of culturable cells was not further decreased in the black fungi [(12.5 ± 4.11%) 

for C. antarcticus and (0.46 ± 0.24%) for C. minteri] that were insolated with the full 

extraterrestrial spectrum (>110 nm) of the Sun, having received an UV-irradiation of 9.19  

10
5
 Jm

-
² (Space 0.1% insolated, Fig. 3A, and B). The highest fraction of intact fungal cells (35 

± 0.15%) was accomplished by a sandstone sample that had received the full influx of solar 

electromagnetic radiation of 6.34  10
8
 Jm

-
² (Space 100% insolated, Fig. 3E). When 

comparing all test systems exposed to outer space, including the high influx of full solar 

extraterrestrial radiation (6.34  10
8
 Jm

-
²), again the lichen X. elegans, with a PSII activity of 

(45 ± 2.50%) (Fig. 2A) and C. antarcticus with (80 ± 0.82%) of DNA from intact cells (Fig. 

3C), were the most resistant test systems of LIFE. However, black Antarctic cryptoendolithic 

fungi lost colony-forming ability after exposure to full insolation: no survivors were detected 

in the space 100 % insolated samples. Resistance of X. elegans and its mycobiont after 

exposure to the combined action of all space parameters tested – including full insolation - 

was confirmed by vital staining and Confocal Laser Scanning Microscopy. Fig. 4 shows the 

high capacity of the lichenized fungus (part of the symbiotic lichen association) in a young 

thallus (B), and of the lichen fungus of X. elegans in pure culture (C), to resist space 

exposure. The fungal cells in the cortex (Cx) of the young thallus were still vital, although a 

protecting mucilage layer had not been formed and the Parietin layer appeared to be very thin. 

The same features appeared to (C), the fungal cells of the mycelium. 
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Fig. 4. Confocal Laser Scanning Microscopy (CLSM) imaging: Viability of X. elegans 

analyzed by LIVE/DEAD staining kit FUN I. (A), adult lichen thallus; (B), young thallus and 

(C), lichen fungus isolated in pure culture (mycobiont) of X. elegans, all dried and exposed to 

100 % insolation and space vacuum. Green to yellow coloured cells are stained by FUNI, 

indicating vital cells. Turning from green to yellow and finally to red, indicates physiological 

activity expressed by the accumulation of the dye in the vacuoles.  The high degree of 

maintained viability is due to a cortex Cx, a mucilage layer Mc and crystal deposits of 

Parietin P on the surface of the lichen. These layers are able to protect interior cells of the alga 

layer A and the medulla M.  
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2.4 Discussion 

 

The LIFE experiment has provided for the first time data on the viability of rock-dwelling 

organisms and microbial communities after a long-term exposure to space parameters. These 

conditions cannot easily be simulated in the laboratory, if at all. The test systems, collected 

from hostile conditions, such as Antarctica and high mountain regions, are adapted to cope 

with high radiation intensities, arid phases, and extreme temperature fluctuations, somehow 

similar to those experienced in space. In C. antarcticus, for example, globular cells are 

enveloped in a thick melanised cell wall, protecting them from radiation and desiccation. 

Their meristematic way of producing colonies (i.e. dividing in all directions) further supports 

their resistance (Selbmann et al., 2005; Sterflinger, 2005; Onofri et al., 2008; 2009). Special 

protection against environmental extremes is also granted for the photobiont, the green alga 

Trebouxia sp. of the lichen X. elegans. In this symbiotic organization, the fungus forms a 

cortex with an upper layer incrusted with parietin and a mucilage layer enveloping the alga 

cells in a medulla matrix (Fig. 4A and B) (de Vera et al., 2003; 2008). 

All organisms selected for the LIFE experiment are poikilohydric, i.e. they are able to 

dehydrate till most biochemical activities stop. In this state they are highly tolerant to stresses 

and may resume their metabolism once water becomes available again. Specifically, exposure 

to vacuum should inhibit any oxidative process related to their metabolism; this particular 

effect could protect against other damaging effects induced, e.g., by solar UV radiation, 

cosmic ray ions and temperature extremes.  

The LIFE experiment has demonstrated that some – but not all - of those most robust 

microbial communities from extremely hostile regions on Earth are also partially resistant 

against the even more hostile environment of outer space. In this experiment the following 

species stood out as the most persistent survivors after 1.5 years in outer space: the black 

fungus C. antarcticus – as determined from PMA assay - and the symbiotic X. elegans - as 

determined from PSII activity- and its mycobiont - as determined by LIFE-DEAD staining. 

However, the CFU test did not yield any survivors of C. antarcticus flight samples that were 

exposed to the un-attenuated solar extraterrestrial spectrum (space 100 % insolated) and less 

than 10% survivors for the space dark samples. This means, even if the cell membrane 

seemed to be intact – as indicated by the PMA test -, the cells had lost their ability to grow 

and divide.  
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Earlier studies showed that the circumpolar and alpine red lichen X. elegans was able to retain 

its photosynthetic activity almost completely after 14 days in space (Sancho et al., 2007; de la 

Torre et al., 2010). This observation has been confirmed in this study for a much longer 

exposure time of 565 days in space, although this high viability was only observed, if the 

lichen had been shielded from solar electromagnetic irradiation, maintaining 45% PSII 

activity after 100% insolation exposure. Particularly, the mycobiont seems to play a 

fundamental role in maintaining the viability of the entire lichen system, because 565 days in 

space appeared not to have any effect on its physiological activity, even after 100% insolation 

(Fig. 4C). Interestingly, it has been earlier shown that X. elegans resisted also shock 

pressures, comparable to those experienced by the Martian meteorites during impact ejection 

(Horneck et al., 2008; Meyer et al., 2011), as required for phase-I of Lithopanspermia. 

Although we have demonstrated that some rock-dwelling species are capable of partially 

withstanding the harsh environment of outer space – or certain parameters of it - for at least 

1.5 years, the data are insufficient for drawing any consequences for the likelihood of 

Lithopanspermia The possibility of surviving a much longer journey in space, as would be 

required for a natural travel from Mars to Earth or vice-versa, still remains an open question. 

So far, our studies have provided a first long-term experimental test on the survival of 

cryptoendolithic microbial communities in space, over a time period as long as currently 

available by space technology. These experiments demonstrate that outer space can act as a 

selection pressure on the composition of microbial communities (Cockell et al. 2011). 
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3. LIFE Experiment: Isolation of cryptoendolithic organisms from 

Antarctic colonized sandstone exposed to space and simulated 

Mars conditions on the International Space Station* 

 

Abstract 

 

Desiccated Antarctic rocks colonized by cryptoendolithic communities were exposed on the 

International Space Station (ISS) to space and simulated Mars conditions (LiFE - Lichens and 

Fungi Experiment). After 1.5 years in space samples were retrieved, rehydrated and spread on 

different culture media. Colonies of a green alga and a pink-coloured fungus developed on 

Malt-Agar medium; they were isolated from a sample exposed to simulated Mars conditions 

beneath a 0.1% T Suprasil neutral density filter or from a sample exposed to space vacuum 

without solar radiation exposure, respectively. None of the other flight samples showed any 

growth after incubation. The two organisms able to grow were identified at genus level by 

Small SubUnit (SSU) and Internal Transcribed Spacer (ITS) rDNA sequencing as 

Stichococcus sp. (green alga) and Acarospora sp. (lichenized fungal genus) respectively. The 

data in the present study support the possibility of eukaryotic life transfer from one planet to 

another by means of rocks and of survival in Mars environment.  

Key words: Antarctic colonized rocks, EXPOSE-E, International Space Station, 

Lithopanspermia, Lichens and Fungi Experiment. 

 

*Giuliano Scalzi, Laura Selbmann, Laura Zucconi, Elke Rabbow, Gerda Horneck, Patrizia 

Albertano and Silvano Onofri. Origins of Life and Evolution of Biospheres (Accepted for 

publication on December 21
st
 2011)
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3.1 Introduction 

 

The Lithopanspermia hypothesis suggests that impact-ejected rocks could transfer living 

organisms through space from one planet to another (Thomson 1871). This scenario implies 

that rock-embedded organisms need to survive (i) the ejection into space within rock 

fragments, (ii) the journey through space for a long time (hundreds up to thousands or 

millions of years) and (iii) the landing on another planet (Gladman et al. 1996; Mileikowsky 

et al. 2000; Horneck et al. 2008; Nicholson 2009).  

Despite an ever-expanding understanding of the limits of life in the Earth’s most extreme 

environments, little remains known about life’s potential to survive when removed from Earth 

and the all-encompassing biosphere that harbors it. Scientific literature has numerous reports 

on microbial survival and proliferation in the most inhospitable environments that our planet 

has to offer (Rothschild and Mancinelli 2001; Venkateswaran et al. 2001; Canganella and 

Wiegel 2011). All the while, reports addressing the uppermost limits of microbial survival in 

near-Earth orbit (Horneck et al. 2010), in the interplanetary (Mileikowsky et al. 2000) or 

interstellar space are scarce (Valtonen et al. 2009). Most early studies of long-term survival in 

outer space have dealt with prokaryotes, mostly bacterial endospores (e.g., Horneck et al. 

1994). Later on, studies were extended to eukaryotes exposed to either simulated space 

conditions or space during short-term flights, such as the experiments in the framework of 

ESA’s Biopan missions (Sancho et al. 2007; de la Torre et al. 2010; Raggio et al. 2011). The 

lichens Rhizocarpon geographicum, Xanthoria elegans and Aspicilia fruticulosa were 

exposed to space environment for about 10 days; long term experiments in space on 

eukaryotic test organisms have been done for the first time within this LIFE experiment. To 

ascertain the uppermost extreme limits of life, it is important to start examining a wider 

spectrum of microbiota, including those rock-embedded communities from extreme 

environments such as Antarctic deserts, and expose them to space in their integrity, in their 

natural substrate. 

Cryptoendolithic communities are among the most resistant life forms ever encountered, 

originally discovered in the extremely cold, hyper-arid Dry Valleys of Antarctica (Friedmann 

1982). In structural cavities of Antarctic sandstones lichenized and non-lichenized fungi and 

algae (cryptoendoliths), bacteria and cyanobacteria, form the lichen-dominated 

cryptoendolithic community (Friedmann 1982). Their extreme environment is considered the 
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most similar terrestrial environment to Mars surface (Wynn-Williams and Edwards 2000; 

Onofri et al. 2004); it is characterized by very low temperatures, ranging from -20 to -50°C in 

winter, with annual average temperature below 0°C, wide thermal fluctuations, frequent 

freeze/thaw cycles, dryness due to the lack of snow or ice cover and rare precipitations (<100 

mm Water Equivalent per year), high salt concentrations, low nutrient availability and high 

radiation including UV (Onofri et al. 2007). Molecular studies of environmental DNA 

extracts from these communities suggested the identity of an endolithic fungal phylotype with 

adjacent epilithically growing Buellia spp. (>97% similarity of SSU rDNA sequences; de la 

Torre et al. 2003). The same authors highlighted the microbial biodiversity in these 

communities comprising lichen mycobionts, free-living fungi, algae, as well as 

Actinobacteria, Alphaproteobacteria, Gammaproteobacteria and some other unidentified 

bacterial phylotypes. Some new genera and species of black meristematic fungi have also 

been described, but most taxa have not yet formally described (Selbmann et al. 2005; 

Selbmann et al. 2008). The increasing knowledge about diverse eukaryotes thriving in such 

harsh conditions suggested us to test in a space flight experiment the survival of a whole rock 

community under space and simulated Martian conditions. 

In this LIFE experiment, fragments of sandstone colonized by cryptoendolithic communities 

from the McMurdo Dry Valleys (Antarctica) were flown in the European EXPOSE-E facility 

attached to the exterior of the ISS. Their suitability was tested before flight in ground-based 

Experiment Verification Tests (Onofri et al. 2009). The samples were exposed for 18 months 

to the environment of space in Low Earth Orbit (LEO) and to simulated Mars conditions. 

Once returned to Earth they were subjected to both, molecular and cultivation-based assays to 

estimate survival and viability (Onofri et al. 2012) including growth ability.   
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3.2 Material and Methods 

 

Colonized Sandstone 

A sample of sandstone was collected under sterile conditions by L. Zucconi at Battleship 

Promontory (76°54’37.6”S 160°55’27.5”E), Southern Victoria Land, Antarctica in January 

2004; it showed under a stereomicroscopic inspection a well developed and stratified 

cryptoendolithic community with typical color bands, including the green one, due to living 

organisms. They were stored under sterile conditions at -20°C. Well colonised sandstone 

fragments (11 mm wide, maximum 6 mm thick, meanly 437 mg) including significant 

portions of microbial biomass were removed under sterile conditions by striking the sandstone 

sample lengthwise with a rock hammer. Excised fragments were dehydrated at room 

temperature and glued, using Wacker silicone glue RTV-S 69, on sterile teflon disks (12 mm 

diameter). These fragments were successively accommodated in different trays of the 

EXPOSE-E facility. 

 

EXPOSE-E facility 

The European Space Agency (ESA) has recently developed the multi-user research facility 

EXPOSE-E as an exterior portion of the ISS (Rabbow et al. 2009) (Fig. 1). This facility is 

designed to foster and promote astrobiology research including studies on the survival of, and 

genotypic and phenotypic changes in, model organisms (plant seeds, bacterial spores, black 

meristematic fungi, lichens, and cryptoendolithic communities) when exposed to the outer 

space environment.  

The EXPOSE-E facility is a multi-user facility having a box-shaped structure, 

accommodating samples in three different and separate compartments, called trays (Figure 1). 

Each tray is subdivided into four sample carriers composed of 16 wells disposed on two 

levels, to face either outward towards space and radiations or kept at the same conditions but 

in the darkness. The LIFE samples were exposed either in Tray 1 that was vented with access 

to space vacuum or in Tray 2 that was sealed and filled with a simulated Mars gas mixture. 

The carriers were covered by an optical filter system to control intensity and spectral range of 

solar UV irradiation. The conditions to which the Antarctic sandstone fragments were 

exposed are listed in Table 1. During the 1.5 year lasting mission the rock samples 

experienced space vacuum (10
-7

to 10
-4

 Pa) (Horneck et al. 2010), cosmic radiation (≤190 
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mGy) (Berger et al. 2012) and the full spectrum of solar extraterrestrial electromagnetic 

radiation (for space exposed samples with a long pass cut-off at 110 nm, and for simulated 

Mars condition samples with a long pass cut off at 200 nm). The UV (200-400 nm) fluences 

reached 9.19 × 10
5
 Jm

-2
 (below a 0.1% transmission neutral density filter) and 6.34 × 10

8
 Jm

-2
 

(100% transmission insolated samples). All fluences were calculated for the biologically 

active UV range of 200 nm < λ > 400 nm for the whole mission and depended on the 

orientation of the ISS to the sun. Temperature varied between -21.5 °C and +59.6 °C 

(Rabbow et al. 2012; Onofri et al. 2012). 

 

 

Fig. 1 EXPOSE-E Facility before space flight. 
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Cultivability tests 

Treated samples (only one third of the whole sample analyzed, meanly 140 mg), ground 

controls (mean weight 91,2 mg) and fresh colonized rocks (weight about 500 mg)  were 

gently homogenized in sterile physiological solution (0.9% NaCl w/v) and plated on MA 

(Malt Agar and incubated at 15°C for 3 months. The MA medium was selected because it 

gave best growth for colonies from fresh colonized rock samples. Each test was performed in 

triplicate. 

The organisms that were able to grow where isolated and stored in pure culture at 10°C. 

 

Table 1 Exposure conditions during the 1.5 year lasting LIFE experiment. 

 

Sample specification Parameter  

Space Dark  

 

Space vacuum (10
-7

 to 10
-4

 Pa)  

Space  0.1% insolated 

  

Space vacuum and solar UV (>110 nm) screened 

with a MgF2 neutral density filter of 0.1% 

transmission 

Space 100% insolated 

  

Space vacuum and solar UV (>110 nm)  

Mars Dark 

  

1000 Pa CO2 gas mixture 

Mars 0.1% insolated  1000 Pa CO2 and solar UV (>200 nm) screened 

with a Suprasil neutral density filter of 0.1% 

transmission 

Mars 100% insolated 

  

1000 Pa CO2 gas mixture and solar UV (>200 nm)  

Ground Control Dark, room temperature, 1 atm  

 

 

DNA extraction and sequencing  

DNA was extracted from colonies grown for 6 months at 10°C, using Nucleospin Plant Kit 

(Macherey nagel, Duren, Germany) according to the user’s manual. Polymerase Chain 
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Reactions (PCR) were prepared in 25 µl tubes adding BioMix (BioLine GmbH, Luckenwalde, 

Germany), 5 µM of each primer and 40 ng of template. Internal Transcribed Spacers (ITS) 

were amplified using ITS1 and ITS4 primers (Table 2) for fungi with the following PCR 

protocol: an initial denaturation step at 95°C for 2 min, followed by 35 cycles of denaturation 

at 95°C for 30s, annealing at 55°C for 30s, and an extension at 72°C for 30s. At the end of the 

last cycle, an additional extension at 72°C for 5 min was performed. Algal Internal 

Transcribed Spacer was amplified using ITS1T and ITS4T primers (Table 2) with the 

following protocol: initial denaturation at 94°C for 2 min, 30 cycles of denaturation at 94°C 

for 1 min, annealing at 50°C for 1 min, and an extension at 72°C for 2 min; an additional 

extension at 72°C for 7 min was performed. Algal SSU was amplified with a PCR spanning 

the whole rRNA Small Subunit region using primers Euk A and Euk B (Table 2) with the 

following protocol: an initial denaturation at 94°C for 3 min, 30 cycles of denaturation at 

94°C for 45 s, annealing at 55°C for 1 min, and extension at 72°C for 3 min, and a final 

extension at 72°C for 5 min. For SSU sequencing primers in Table 2 have been used. The 

DNA sequences were assessed by direct sequencing of the PCR product (Macrogen, South 

Korea). 

Sequence assembling was performed by using the software ChromasPro v1.41 (2003-2007 

Conor McCarthy School of Health Science, Griffith University, Southport, Queensland, 

Australia). Sequences were compared in the public domain (NCBI) using  BLASTn 

algorithm. 
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Table 2 Nuclear SSU and ITS primers used for algal and fungal DNA amplification and 

sequencing (Katana et al. 2001; Moro et al. 2009) 

Name Sequence 5’-3’ Organism 

EukA AACCTGGTTGATCCTGCCAGT Algae 

898-919R TAAATCCAAGAATTTCACCTCT Algae 

1936-57R GGTAGGAGCGACGGGCGGTGTG Algae 

CHLORO F TGGCCTATCTTGTTGGTCTGT Algae 

EukB TGATCCTTCTGCAGGTTCACCTAC Algae 

ITS1T GGAAGGATCATTGAATCTATCGT Algae 

ITS4T GGTTCGCTCGCCGCTACTA Algae 

ITS1 TCCGTAGGTGAACCTGCGG Fungi 

ITS4 TCCTCCGCTTATTGATATGC Fungi 
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3.3 Results 

 

The first test in the LIFE experiment was to observe the effects of dehydration. The growth 

ability of the flight samples, i.e. Antarctic sandstones hosting cryptoendolithic communities 

that were exposed to different conditions in space was compared to that of the dehydrated 

Ground Control and a fresh sample of sandstone stored at -20°C. Table 3 shows the colony 

formers after cultivation on MA. The highest colony numbers were obtained from the fresh 

samples: 52 ± 10.5 algae, 1 ± 0 black fungi, 90 ± 27 pink fungi and 12.6 ± 2.0 yeasts. The GC 

sample, which was stored for 1.5 years in the laboratory, showed only 20.56 ± 3.5 colonies of 

pink fungi. 

A pink fungal colony with a pale pink mycelium (Fig. 2) composed of appressed hyphae of 4 

µm in width was obtained from a flight sample that was exposed to space vacuum, but kept in 

the dark (Table 3: Space Dark).  

A colony of a green unicellular alga (Fig. 3) grew from a flight sample that was exposed to 

simulated Mars atmosphere and the Martian spectrum of solar radiation > 200 nm beneath a 

suprasil neutral density filter (Table 3: Mars 0.1% insolated). All other flight samples did not 

result in any colonies after incubation (Table 3).  

Macroscopic observations and microscopic morphological analyses showed that both, the 

pink fungus from the Space Dark sample as well as the green unicellular alga from the Mars 

0.1% insolated sample seemed to be identical with those isolated from the fresh and the GC 

samples. 
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Table 3 Growth studies of the LIFE experiment after the 1.5 years lasting space mission: 

Colonies formed after cultivation on MA (Flight samples and controls)  

 

Exposure 

conditions 

 Colony   formation  Total 

colonies/m

g 

 Algae Black 

colonies 

Filamentous 

pink fungi 

Yeasts  

Space Dark 0 0 3* 0 0.021 

Space 0.1% 

insolated 

0 0 0 0 0 

Space 100% 

insolated 

0 0 0 0 0 

Mars Dark 0 0 0 0 0 

Mars 0.1% 

insolated 

1* 0 0 0 0.007 

Mars 100% 

insolaed 

0 0 0 0 0 

Ground 

Control 

0 0 20.5± 3.5 0 0.18 

Fresh sample 

(dark,-20°C, 1 

atm) 

52 ± 10.5 1 ± 0 90 ± 27.0 12.66 ± 

2.0 

0.29 

     *Total CFU obtained from 3 replicates 

  

To identify the fungal isolate, PCR amplification of ITS rDNA portions and sequencing were 

performed. The sequences obtained gave low identity (94%), with E-value = 0, in NCBI 

GenBank with the lichenized genus Acarospora A. Massal. The closest related sequence was  
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Fig. 2 Hyphal network of the mycelium isolated from a rock exposed for 1.5 years to space 

vacuum (10
-7 

to 10
-4

 Pa) in the dark (Space Dark sample), seen at the light microscope. 

Usually lichenized fungi, when separated from their photobionts, lose all their morphological 

peculiarities and grow as common mycelia. 

 

that of Acarospora rosulata (accession number GU184116.1). Based on this data the fungus 

was identified at the genus level only.  

To further identify the green alga, the same analyses (PCR amplification of ITS rDNA 

portions and sequencing) showed that the ITS sequences matched with different algal genera 

with similarities ranging from 95% to 97%, E-value = 0. They belonged to the Class 

Trebouxiophyceae, 5 algae showed similarities to the Order Chlorellales, and 1 to the Order 

Prasiolales, genus Stichococcus (97% identity). SSU sequencing showed a similarity ranging 

from 94% to 96%, E-value = 0, with different algal species in the genus Stichococcus, the 

closest related sequence (96%) was S. deasonii UTEX 1706 (accession number DQ275460). 
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This strain grew mostly as single cells or four-celled short uniseriate and unbranched, straight 

or sigmoid, filaments. However, the morphology of the cylindrical cells, 5 m wide and 10 

m long on average, with broadly rounded poles, does not completely match the 

morphological description of the genus Stichococcus Nägeli (1849), in which only one 

unlobed parietal chloroplast is usually present, while our strain was almost always 

characterized by two chloroplasts.  

 

 

 

Fig. 3 Green alga isolated from colonized sandstone exposed to simulated Mars conditions in 

space beneath a Suprasil neutral density filter with a cut off at 200 nm and 0.1 % transmission 

(Space 0.1% insolated). Phylogenetic analyses indicate that the alga belongs to the genus 

Stichococcus,  
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3.4 Discussion 

 

LIFE is the first experiment where cryptoendolithic microorganisms within their natural 

substratum have been exposed for long time to space and simulated Martian conditions in 

Low Earth Orbit. After exposure to the conditions applied during the LIFE experiment, a few 

cryptoendolithic organisms grew after recovery, namely in one Space Dark sample (3 pink 

fungi) and in one Mars 0.1% insolated sample (1 green alga). The pink lichenized fungus 

seemed to belong to the genus Acarospora and the green alga seemed to belong to the genus 

Stichococcus. Due to the scarcity of algal ITS and SSU sequences in nucleotide databases, it 

was only possible to address the alga to that genus. Considering the generic level of the data 

obtained, an extended study based on morphology and multi-gene molecular phylogeny is in 

progress.  

All other flight samples did not result in any growth under the conditions tested. It should be 

noted that the exposed samples were very small and the rock fragments used for growth tests 

exiguous. Due to the not uniform distribution of the organisms composing the community 

within the Antarctic sandstone fragments, it was not possible to know before flight which 

organisms were present in each subsample. This may explain the differences recorded in 

cultural tests between the Ground Control, where only pink fungi were isolated, and fresh 

samples, from which a variegated number of fungal and algal colonies (Table 3) were 

obtained. It is interesting to note that although no algal growth was observed in the ground 

control samples, one algal colony was isolated from one Mars 0.1% insolated sample. It 

should again be stressed that due to the small size of the analyzed samples, it was not 

guaranteed that all members of the rock community were represented. We have shown that at 

least two microorganisms, a fungus and an alga, of a rock colonizing community survived 

after 1.5 years in space. 

Antarctic cryptoendolithic organisms have been suggested as good study model for survival in 

space because of their ability to cope with the complex interplay of extremely low 

temperatures, thermal fluctuations, arid phases and high radiation intensities (Selbmann et al. 

2005; Ruisi et al. 2007; Selbmann et al., 2011). Moreover, it has been assumed that organisms 

living within rocks could enter a cryptobiotic state after being ejected into space (Onofri et al., 

2012).  
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This feature is possibly aided by the presence of abundant extracellular polymeric substances 

(EPS) in many endolithic species. EPS production allows the community to survive long dry 

periods, it may be abundant in fungi (Selbmann et al. 2005), in lichen thalli (de Vera et al. 

2004, de los Ríos et al. 2005), and in the whole cryptoendolithic community (de los Ríos et al. 

2004). Previous studies ascertained that the presence of sugars such as glucose or buffer salts 

on the surface of Bacillus subtilis spores act as chemical protectants, highly increasing their 

survival in space (Horneck et al. 1994). Furthermore Mancinelli and Klovstad (2000) showed 

that under 1mm of Martian analog soil a B. subtilis monolayer did not exhibit loss of viability 

after exposure to 12.3 kJm
-2

 of UV radiation from deuterium source, and some protection was 

even afforded by a layer 12 µm thick. The few rock-colonizing organisms that were isolated 

after retrieval of EXPOSE-E could have been survived because of: (i) the ability of 

cryptoendolithic organisms to tolerate desiccation and radiation and (ii) the shielding of even 

a small layer of rock material thereby preventing loss of viability after simulated Martian UV 

irradiation. However, the study showed also that most of the rock colonizing species did not 

survive after 1.5 years in space or in a simulated Martian climate. Nevertheless extremophilic 

endolithic Eukarya composing this Antarctic community may be suitable model organisms to 

investigate the resistance of life in the framework of Lithopanspermia. After astrobiology 

research has centered - at least in the past decades - almost exclusively on prokaryotic 

microorganisms, these recent findings of the LIFE experiment allow us to select models from 

a wider spectrum of living organisms.  
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4. Evaluation of Procedures for the Collection, Processing, and 

Analysis of Biomolecules from Low-Biomass Surfaces* 

 

Abstract 

 

To comprehensively assess microbial diversity and abundance via molecular-analysis-based 

methods, procedures for sample collection, processing, and analysis were evaluated in depth. 

A model microbial community (MMC) of known composition, representative of a typical 

low-biomass surface sample, was used to examine the effects of variables in sampling 

matrices, target cell density/molecule concentration, and cryogenic storage on the overall 

efficacy of the sampling regimen. The MMC used in this study comprised 11 distinct species 

of bacterial, archaeal, and fungal lineages associated with either spacecraft or clean-room 

surfaces. A known cellular density of MMC was deposited onto stainless steel coupons, and 

after drying, a variety of sampling devices were used to recover cells and biomolecules. The 

biomolecules and cells/spores recovered from each collection device were assessed by 

cultivable and microscopic enumeration, and quantitative and speciesspecific PCR assays. 

rRNA gene-based quantitative PCR analysis showed that cotton swabs were superior to 

nylon-flocked swabs for sampling of small surface areas, and for larger surfaces, biological 

sampling kits significantly outperformed polyester wipes. Species-specific PCR revealed 

differential recovery of certain species dependent upon the sampling device employed. The 

results of this study empower current and future molecular-analysis-based microbial sampling 

and processing methodologies. 

 

* K. Kwan, M. Cooper, M. T. La Duc, P. Vaishampayan, C. Stam, J. N. Benardini, G. Scalzi, 

C. Moissl-Eichinger, and K. Venkateswaran. (2011) Applied and Environmental 

Microbiology, 77(9):2943-53 
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4.1 Introduction 

 

The search for life and habitable conditions elsewhere in the solar system has led to a steady 

increase in the number of robotic probes and orbiters leaving Earth en route to other planetary 

systems. Planetary protection is a space science discipline that addresses concerns over the 

potential for forward contamination (i.e., the inadvertent contamination of extraterrestrial 

environments with terrestrial organic and biological matter) and backward contamination (i.e., 

the inadvertent exposure of the terrestrial biosphere to extraterrestrial material) during such 

endeavors (NASA 2005). Current guidelines for the assessment of biological contamination 

of spacecraft surfaces throughout assembly, testing, and launch operations (ATLO) are 

overseen by the International Committee on Space Research (COSPAR 2002) and are enacted 

by the National Aeronautics and Space Administration (NASA) to facilitate compliance with 

internationally agreed planetary protection policy, as developed by the Committee on Space 

Research (COSPAR 2002). Most spacefaring agencies (NASA included) also have their own 

policy that places specific implementation requirements on agency missions. Planetary 

protection-geared approaches for monitoring of biological contamination of spacecraft and 

spacecraft assembly clean-room (SAC) surfaces at NASA are largely based on heritage data 

arising from studies supporting the Viking missions in the early 1970s. Scientists postulated 

that the probability of microorganisms surviving the journey to Mars and propagating upon 

arrival would be constrained by their hardiness with respect to the conditions they 

encountered. Therefore, NASA conservatively selected aerobic, heterotrophic mesophilic 

endospore-forming bacteria as the standard organisms by which to gauge the cleanliness of 

spacecraft and SAC surfaces. To be more specific, the enumeration of cultivable bacterial 

spores at the time of launch is compared to a maximum numerical limit. This mission-specific 

limit is derived from a combination of factors, including mission purpose, target planetary 

environment, and an assessed factor of risk that any organism transferred to said planetary 

environment would 

result in “harmful (forward) contamination” (NASA 1967). From the Viking era to the 

present, NASA has employed cotton swabs to collect biological materials from spacecraft and 

SAC surfaces. Recently, however, it has been shown that the sole use of a cotton swabbing 

device provides an inaccurate assessment of the total burden and spectrum of microbial 

diversity associated with SAC surfaces (M. Cooper et al., unpublished data). In addition, the 
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National Research Council recently stated that NASA should “require the routine collection 

of (molecular) phylogenetic data to a statistically appropriate level to ensure that the microbial 

diversity of ATLO environments, and of all NASA spacecraft to be sent to Mars, is reliably 

assessed.” They also recommended that the space agency “require the systematic archiving of 

environmental samples for ATLO environments and for all spacecraft to be sent to Mars” 

(Committee on preventing the forward Contamination of Mars, National Research Council, 

2006). While molecular analyses of microbial populations provide a more thorough 

phylogenetic assessment of spacecraft surfaces, such analysis regimens are not without 

pitfalls and limitations. Oftentimes, target biomolecules (e.g., rRNA genes, 

lipopolysaccharides) are not collected in great enough abundance to render downstream 

molecular analyses statistically significant and/or reproducible, thus requiring a more 

effective method for sample processing/concentration prior to analysis (La Duc et al., 2009; 

Vaishampayan et al., 2010). Furthermore, as sample collection protocols are modified to 

facilitate more effective downstream processing and analysis techniques, the efficiency and 

effectiveness of the entire procedure must be readdressed. Previous studies evaluating the 

effectiveness of sampling devices for the recovery of microorganisms from clean-room 

surfaces have used purified bacterial spores (Edmonds et al.,2009; Estil et al., 2009; Hodges 

et al., 2010; Hodges et al., 2006; Probst et al., 2010; Rose et al., 2004; Sanderson et al., 2002; 

Valentine et al., 2008) or pure cultures of vegetative cells (Dalmaso et al., 2008) as positive 

controls. However, such controls do not accurately represent the highly diverse microbial 

populations 

which can be expected in nearly all environments, including clean rooms (Ghosh et al., 2010; 

La Duc et al., 2007; Probst et al., 2010; Steiglmeier et al., 2009). Additionally, whenever 

samples are collected for the purpose of molecular-analysis-based microbial monitoring, 

results will be affected not only by the presence of living cells but also by dead and decaying 

cells and spores, cellular debris, and indigenous biomolecules (e.g., nucleic acids, lipids, 

proteins, carbohydrates). Methodologies by which samples are collected, processed, and 

analyzed must be optimized to their respective targets to maximize the efficiency and 

accuracy of the final assessment. To this end, suitable protocols and procedures involved with 

the collection, processing, and molecular analysis of contaminant biomolecules from clean-

room surfaces were evaluated and standardized. Variables such as differences in sampling 

materials, concentration of target biomolecules post sampling, the effect of cryostorage on 

extracted molecules, etcetera, were individually tested, employing a model microbial 
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community (MMC) that is relevant to low-biomass environments. To our knowledge, this is 

the first study to employ a complex MMC with relevant phylogenetic diversity for the testing 

and optimization of protocols for collecting, processing, and analyzing biomolecular samples 

from clean-room surfaces. 
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4.2 Materal and Methods 

 

MMC. Microbes previously reported to be present and/or dominant on spacecraft and SAC 

surfaces (Bruckner et al., 2008; La Duc et al., 2003; Moissl et al., 2008; Moissl et al., 2007; 

Moissl-Eichinger 2011; Newcombe et al., 2008) were mixed together to achieve the MMC. 

These microbial components include bacteria, archaea, fungi, aerobes, anaerobes, spores, and 

non-spore forming vegetative cells (Table 1). Whenever possible, strains isolated directly 

from spacecraft and SAC surfaces were included. Deinococcus radiodurans (ATCC 13939), 

Cupriavidus metallidurans CH34, Micrococcus luteus (ATCC 4698), Clostridium 

sporosphaeroides (DSM 1294), and Methanobacterium formicicum (DSM 1535), however, 

were procured from various culture collections (Table 1). All 11 strains used in this study 

were placed in the National Center for Agricultural Utilization Research (NRRL) culture 

collection, in Peoria, IL. The various steps involved in the standardization of procedures for 

MMC preparation, collection from surfaces, and subsequent processing and analysis are 

shown in Fig. 1. 

Preparation of the MMC. All 11 strains in the MMC, with the exception of Bacillus pumilus 

SAFR-032, were streaked on appropriate culture media and incubated according to the growth 

conditions given in Table 1. B. pumilus sporeswere purified as previously described (Kempf 

et al., 2005). Briefly, a single purified colony was inoculated into liquid nutrient broth 

sporulation medium, and after 2 to 3 days of incubation at 32°C, cultures were examined in 

wet mounts on an Olympus BX-60 phase-contrast microscope to determine the level of 

sporulation. Once the number of free spores in the culture was greater than the number of 

vegetative cells, spores were purified by treatment with lysozyme and washing with salt and 

detergents (Kempf et al., 2005). Purified spores were resuspended in sterile deionized water, 

heat shocked (80°C for 15 min), and stored at 4°C in glass tubes. For each strain, a single 

isolated colony was picked, inoculated into 50 ml of suitable broth, and incubated under 

appropriate growth conditions (Table 1). Petroff-Hausser microscopic counting chambers 

were used to verify the cell density of each strain. To circumvent problems associated with 

clumping as a result of washing and centrifuging, appropriate volumes (precalculated, 

necessary to achieve 105 cells/spores per MMC constituent) of cells or spores were removed 

from log-phase overnight broth culture and placed directly into 4 liters of phosphate-buffered 

saline (PBS, pH 7.2). After averaging 10 fields for each organism, the resulting MMC housed 
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1 x 10
6
 cells and 1 x 10

5
 (the standard error of the mean was used to assess variability) spores 

per ml (11 strains X 10
5
 cells/spores per ml each). Following rigorous mixing for more than 

an hour, 1.2-ml aliquots of the MMC were aseptically dispensed into thousands of cryogenic 

vials and those not immediately analyzed were stored at -80°C. Using the MMC as a positive 

control, prior to deposition onto stainless steel surfaces, a number of variables associated with 

sampling and processing were evaluated for their specific effects on the integrity and recovery 

of the MMC. The ramifications of the use of various concentrations (5 to 20%) of glycerol as 

a cryoprotectant, various buffered solutions (PBS or water) as suitable liquid media for 

deposition, ultrasonic energy to enhance the release of the MMC from sampling materials 

(Puleo et al., 1967), and a method for concentrating large sample volumes were tested, and 

results were comparatively analyzed. 

Deposition of the MMC onto a surrogate spacecraft hardware surface. All stainless steel 

grade 304-020 (304 brushed stainless steel sheet, 20 gauge, 0.036 in. thick) coupons (25 cm
2
) 

and sheets (2,500 cm
2
) were pre-cleaned with cleanroom-grade polyester wipes (Coventry 

6209 c-prime; Tech Spray, L.P., Amarillo, TX). Coupons and sheets were subjected to 

ultrasonic cleaning with alkaline detergent soap (815 GD; Brulin, Indianapolis, IN) at 160°F, 

followed by a deionized-water rinse, drying, and a final rinse with 97% ethyl alcohol 

(Venkateswaran et al., 2004). Subsequently, coupons and sheets were rinsed with deionized 

water and dried with clean, dry nitrogen. This precision cleaning procedure was effective in 

removing any cultivable microbes and genetic materials associated with the metal surfaces. 

All precision-cleaned coupons and sheets were packaged individually in sterile containers 

until the time of use. Aliquots of the MMC (40 x 1.2 ml) were thawed, pooled, and 

concentrated via centrifugation (15 min, 4,000 x g) using the Amicon 50-kDa filtration 

system (catalog no.UFC905024; Millipore, Billerica, MA). Finally, to circumvent crystal 

formation resulting from PBS precipitation on metal surfaces, the MMC was washed and 

resuspended in sterile water to a final volume of 48 ml prior to deposition. Stainless steel 

coupons (25 cm
2
) and sheets (2,500 cm

2
) were aseptically removed from their sterile 

packaging and placed into individual sterile petri dishes or trays, respectively. One-milliliter 

aliquots of the MMC were deposited onto either coupons (20 x 50 µl drops) or sheets (50 x 20 

µl drops) using a multichannel, multidispensing electronic pipette (E8-200; Rainin, Oakland, 

CA). All coupons and sheets, including those serving as sampling blanks, were covered and 

allowed to dry for 24 h. To minimize bias associated with sample collection, care was taken to 

ensure that the operator in charge of deposition was not also in charge of sampling.  
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Sampling of MMC-spiked metal surfaces. (i) Small surface areas (25 cm
2
). Coupons were 

sampled with either cotton (catalog no. 806-WCL; Puritan Medical Products, Guilford, ME) 

or nylon flocked (catalog no. 552C.US; Copan Diagnostics Inc., Murrieta, CA) swabs, which 

were premoistened with sterile PBS immediately prior to sampling. Coupons were first 

sampled in a unidirectional horizontal manner while holding the swab at approximately a 30° 

angle to the surface. Swabs were rotated (ca. 120°) to present an area of the swab head that 

had not previously contacted the surface, and coupons were sampled in a unidirectional 

vertical manner. Finally, swabs were once again rotated (ca. 120°) and coupons were sampled 

in a unidirectional diagonal manner. Swab heads were aseptically severed from their shafts 

into individual 50-ml Falcon tubes containing 10 ml of sterile PBS. A negative control, 

whereby a swab was only premoistened with PBS, and a handling control, in which a swab 

was premoistened with PBS and exposed to the sampling environment, were also prepared. 

(ii) Large surface areas (2,500 cm
2
). Stainless steel sheets were sampled with either ITW 

Alpha polyester wipes (catalog no. TX1009; Texwipe, Kernersville, NC) or biological 

sampling kits (BiSKit, catalog no.BIS-40001A; QuicksilverAnalytics Inc., Abingdon, MD). 

Wipes were rolled and placed into individual 50-ml glass test tubes containing 15 ml of PBS, 

which were autoclaved and allowed to cool prior to sampling (Kirschner 1979). Wearing 

sterile gloves, we removed the wipe from the tube with sterile forceps and unrolled it, leaving 

it folded inquarters. Sheets were first sampled in a unidirectional horizontal manner, after 

which time wipes were turned over and used to sample the sheets in a unidirectional vertical 

manner. Finally, the wipe was inverted to expose a fresh surface and the sheet was sampled in 

a unidirectional diagonal manner. By this method, 3/4 of one side of the wipe was used in 

sampling the surface. Negative and handling controls were prepared as detailed above for 

coupons. All wipes were placed into individual sterile glass 500-ml bottles for processing. 

BiSKits were moistened with 15 ml of sterile PBS, which was expelled from each unit and 

pooled to serve as the negative control. The collection bottle of each BiSKit was replenished 

with 15 ml of sterile PBS, and the entire module was inverted, allowing the macrofoam 

sponge to become saturated. The macrofoam sponge sampling portion of the BiSKit module 

was removed, and sheets were first sampled in a unidirectional horizontal manner. The BiSKit 

was then turned, and the sheets were sampled in a unidirectional vertical manner. Finally, the 

BiSKit was once again turned and sheets were sampled in a unidirectional diagonal manner. 

A handling control, in which a BiSKit was exposed to the environment but no surfaces, was 

also prepared.  
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Sample processing. Each cotton or nylon-flocked swab was subjected to three rounds of  

biomolecule extraction processing. This consisted of vortex mixing (5 s, maximum speed), 

sonication in an ultrasonic bath (2 min,   25 kHz), decanting into a fresh sterile 50-ml tube, and 

replenishment of 10 ml of sterile PBS. In the end, each swab head yielded a total of 30 ml of 

biomolecule extraction eluent, which was then concentrated to approximately 400 µl via two 

rounds of Amicon centrifugal filtration (15 min, 4,000 x g). Following the addition of 200 ml 

of sterile PBS, each polyester wipe containing bottle was vortex mixed (5 s, maximum speed) 

and sonicated in an ultrasonic bath (2 min,   25 kHz). This was repeated three times, resulting 

in 600 ml of biomolecule extraction eluent, which was then subjected to membrane 

filtration (0.22-µm pore size). The 0.22-µm filter was aseptically transferred into a sterile 50-

ml Falcon tube containing 10 ml of sterile PBS and vigorously agitated via vortex mixing (5 

min, maximum speed). The resulting suspension was concentrated to approximately 400 µl 

via Amicon centrifugal filtration (15 min at 4,000 x g). Each BiSKit was subjected to three 

rounds of biomolecule extraction processing. The macrofoam sponge sampling portion of 

each BiSKit was mated with its respective sample collection module, and with appropriate 

force, sample volumes were expelled into the collection bottle in accordance with the 

manufacturer’s instructions. Sample volumes were transferred into a 50-ml Falcon tube, and 

an additional 15 ml of sterile PBS was added to the BiSKit collection bottle, which was then 

reattached for subsequent extractions. The resulting suspension (ca. 45 ml) was concentrated 

to approximately 400 µl via Amicon centrifugal filtration (50 kDa, 15 min at 4,000 x  g). The 

final concentrated biomolecule extract volume from each sampling device was resuspended in 

flowthrough from the final Amicon filtration to a total volume of 1.5 ml. Appropriate 

dilutions were then spread plated on suitable media, and CFU were enumerated after 
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incubation under prescribed conditions (Table 1). Total cell/spore counts were also estimated 

via light microscopy as previously described (Lawrence et al., 1991). Five hundred 

microliters of this biomolecule extract volume was subjected to bead beating homogenization 

(using Lysing Matrix E and the FastPrep-24 Homogenizer for 1 min at a rate of 5.0 motions 

per s; MP Biomedicals, Solon, OH) and subsequently combined with sample portions (500_l) 

that did not undergo bead beating (a total of 1 ml). This helped to ensure that the samples 

would contain DNA released from robust and labile cell types, as has been previously 

documented (La Duc et al., 2009). This combined milliliter then gave rise to 100 µl of 

purified DNA following extraction via the Maxwell 16 Automated DNA/ RNA Purification 

System (Promega, Madison, WI) in accordance with the manufacturer’s instructions. 

Sample analysis. (i) SYBR green quantitative PCR (qPCR). rRNA gene copy numbers 

were quantified in triplicate using a CFX-96 instrument (Bio-Rad, Hercules, CA). Standards 

were created using known amounts of full-length Escherichia coli 16S rRNA genes 

incorporated into suitable vector plasmids (Invitrogen, Carlsbad, CA), and standard curves 

were repeated for each qPCR. rRNA gene standards, spanning 108 to 102 gene copies/µl, 

were generated by serially diluting rrn::pCR4-TOPO plasmids of known concentrations. 

Universal eubacterial primers (1369F and 1492R [Suzuki et al., 2000]) targeting the 16S 

rRNA gene and eukaryotic biased primers (NS91F and ITS51R [White et al., 1990]) targeting 

the internal transcribed spacer 1 region within the rRNA gene cluster, were employed for 

qPCR analysis. Each 25-µl reaction mixture consisted of 12.5 µl of Bio-Rad 2X iQ SYBR 

green Supermix, 10.5 µl of nuclease-free water (catalog no. W4502; Sigma, St. Louis, MO), 

0.5 µl of forward primer 1369F (10 µM) or NS91F (10µM), 0.5 µl of reverse primer 1492R 

(10 µM) or ITS51R (10 µM), and 1 µl of template DNA. Purified rRNA gene amplicon 

standards of known concentrations and Sigma nuclease-free water negative controls were 

included in all experiments. Reaction conditions for 16S rrn qPCR were as follows: 

denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 15 s and 

combined annealing and extension at 55°C for 35 s. Reaction conditions for eukaryotic rrn 

qPCR were as follows: denaturation at 95°C for 5 min and 40 cycles of denaturation at 95°C 

for 15 s, annealing at 58°C for 20 s, and extension at 72°C for 15 s and 80°C for 5 s. 

(ii) Species-specific PCR (ssPCR). In order to assess the differential recovery of the various 

microbial phylotypes from both the stainless steel surfaces and sampling devices, ssPCR 

assays were engineered for each MMC strain. Species specific primer sequences are provided 

in Table 2, alongside detailed thermal cycling conditions for each strain. None of the resulting 
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primer combinations (Table 2) showed cross-reactivity with any of the other members of the 

MMC. Full-length (ca. 1,500-bp) rRNA gene amplicons were purified via gel excision and 

used as standards once concentrations were determined via microchannel based 

electrophoresis (2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA) (Panaro et al., 

2000). All amplicons detected at a concentration of less than or equal to 0.25 ng/µl fell below 

the limits of statistically significant detection and were ignored.  

Statistical analyses, controls, and lower detection limits of assays employed. Care was 

taken to incorporate appropriate controls into each step of the sampling and analysis 

procedures discussed herein. Sterile, nuclease-free Sigma water and sterile PBS served as 

blanks to monitor the continued purity of reagents. The independent variables consisted of 

sampling device replicates (cotton and nylon-flocked swabs, BiSKits, and polyester wipes), 

their corresponding sampling blanks (active sampling of stainless steel sheets not seeded with 

the MMC), handling controls (sampling devices were exposed to the experimental 

environment), and negative controls (sampling materials with reagents). When needed, the 

MMC was used as a positive control with the medium blank serving as the corresponding 

negative control. Purified DNA arising from each MMC constituent served as a positive 

control for that strain’s respective ssPCR assay, and samples that rendered no PCR 

amplification were spiked with positive- control DNA as a means of eliminating the 

possibility of false negatives resulting from inhibitory substances. The cell density of 

microbes or concentration of 16S rRNA genes housed within the MMC prior to deposition on 

the metal surface was considered to be 100%. The recovery percentage of colony counts, 

microscopic counts, total gene copy numbers, and species-specific gene copy numbers 

yielded by various sampling materials was calculated by dividing resulting values by the 

initial values representative of 100% (MMC prior to deposition). To elucidate subtle 

differences in resulting efficiencies of recovery from the sampling materials tested in this 

study (cotton versus nylon-flocked swabs; BiSKits versus polyester wipes), statistical 

analyses were carried out at all stages of analysis with the SYSTAT VER. 13.00.05 statistical 

software suite (SYSTAT Software, Chicago, IL). Briefly, routine Pearson’s chi-square tests 

were performed to determine whether the distributions of resulting data sets were statistically 

normal, and paired Student t tests were employed to test the statistically significant similarity 

between the means of the results being compared. 
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FIG. 2. Effect of low-temperature storage on MMC cellular cultivability and 16S rRNA gene 

integrity. Samples were stored at 80°C and processed at various intervals. CFU were counted 

after culture under appropriate conditions, total cells were enumerated microscopically with a 

Petroff-Hausser counting chamber, and 16S rRNA gene copy numbers were measured via 

qPCR. Error bars represent the standard error of the mean (n = 10). 
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4.3 Results 

 

Effect of storage on the MMC. While storage for up to 90 days at -80°C had little or no 

effect on total cell/spore counts derived via Petroff-Hausser light microscopy counting (  10
6
 

cells/spores per ml), the cultivability of MMC constituents decreased as much as 3 orders of 

magnitude (Fig. 2). When MMC aliquots were removed from -80°C storage at various time 

points (up to 90 days), subjected directly to DNA extraction protocols, and assessed via 

qPCR, the total DNA yield increased with increased storage time through 8 days, at which 

time it remained constant for up to 90 days at -80°C (Fig. 2). 

Effects of sampling and processing variables on the MMC. Using the MMC as a positive 

control, several processing techniques were thoroughly evaluated prior to the testing and 

evaluation of the different surface sampling regimens. Glycerol concentrations of >5% 

hindered the centrifugal filtration of sample volumes, presumably due to the clogging of filter 

pores (data not shown). In addition, results stemming from the use of two distinct types of 

suspension media (water and PBS) for deposition of the MMC onto stainless steel revealed a 

greater recovery (150-fold) of MMC-borne DNA when cells were suspended in water. 

Scanning electron microscopy showed a high degree of salt crystal formation on metal 

coupons laden with PBS-suspended MMC, whereas those seeded with water-suspended 

MMC had no visible crystals (data not shown). In this study, ultrasonic energy, previously 

reported to facilitate the release of bacterial spores from sampling materials (Puleo et al., 

1967), did not dramatically hinder the cultivation of MMC strains (  80% cultivable after 

sonication), nor did it compromise the integrity of sample DNA molecules (see the 

supplemental material). Finally, following concentration via Amicon 50-kDa centrifugal 

filters,   60% of the MMC DNA was recovered. However, additional washing of the filters did 

not result in a greater DNA yield. 

Recovery of the MMC from stainless steel surfaces. (i) Small surface areas. The 

efficiency of MMC constituent recovery from 25-cm
2
 stainless steel surface areas by cotton 

and nylon-flocked swabs was comparatively analyzed via qPCR (Fig. 3A). Using the mean 

MMC rRNA gene abundance as a point of comparison, cotton significantly outperformed 

nylonflocked  swabs (P= 0.00001, n=30) with recovery percentages of 32.8% and 4.3%, 

respectively. While the signal-to-noise (noise is contaminant DNA) ratio associated with 

cotton swab sampling blanks was high (19.6), nylon-flocked sampling blanks had a much 
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lower ratio (0.6). In addition, a wide range of values resulted among both cotton (10
4
 to 10

5 

rrn copies/25 cm
2
) and nylon-flocked (10

3
 to 10

5
 rrn copies/25 cm

2
) sampling replicates, 

possibly attributable to subtle variability in the composition of the swabbing matrices or the 

stainless steel surface.  

 

FIG. 3. Recovery of MMC constituents from metal surfaces by various sampling materials. 

Aliquots of the MMC were deposited onto metal surfaces, dried for 24 h, and collected with 

various sampling materials. Samples were analyzed via 16S rRNA qPCR, and results were 

visualized with box plots showing the mean and upper and lower quartiles for cotton and 

nylon-flocked swabs (A) and BiSKits and polyester wipes (B). Outliers (a greater-than-3-

sigma deviation from the mean) are represented by asterisks. n  30 measurements for each 

sampling material. Error bars depict the standard error of the mean in box plot format. 
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(ii) Large surface areas. The efficiency of MMC constituent recovery from 2,500-cm
2
 

stainless steel surface areas by BiSKit and polyester wipes was comparatively analyzed via 

qPCR (Fig. 3B). Using the mean MMC rRNA gene abundance as a point of comparison, 

BiSKit significantly outperformed wipes (P= 0.00001, n= 21) with recovery percentages of 

41.9% and 26.7%, respectively. While the signal-to-noise (noise is contaminant DNA) ratio 

associated with polyester wipe sampling blanks was high (4.7), BiSKit sampling blanks had a 

much lower ratio (1.1). In addition, a wide range of values resulted among BiSKit sampling 

replicates (10
4
 to 10

5
 rrn copies/2,500 cm

2
), possibly attributable to subtle variability in the 

composition of the sampling matrices or the stainless steel surface. 

ssPCR. Species-specific oligonucleotide primers targeting the rRNA genes of each of the 

MMC constituents were developed alongside PCR thermal cycling regimens to assess the 

recovery of each MMC strain. Target PCR amplicons ranged in size from 83 bp 

(Microbacterium imperiale) to 380 bp (B. pumilus, Table 2), which enabled qPCR analysis of 

each strain’s rRNA gene. The detection limit of ssPCR for each MMC constituent was 

established by serially diluting intact vegetative cells (from 10
7
 to 10

1
 cells or spores/ml) and 

subsequently subjecting each dilution to DNA purification and appropriate ssPCR conditions. 

These limits have, to date, varied extensively (10
1
 to 10

6
; Table 3). Notably, the ssPCR 

conditions used for B. pumilus SAFR-032 spores were highly sensitive, capable of amplifying 

380-bp products from spore densities as low as 4.6 x 10
1
 spores/ml. The other aerobic spore 

former, B. megaterium KL-197, yielded specific PCR products at 10
2
 cells/ml. In contrast, 

detection limits for the anaerobic species C. sporosphaeroides, and M. formicicum (10
5
 

cells/ml) were determined from serially diluted DNA rather than intact cells since these 

anaerobic cultures did not yield uniform cell densities below 10
5
 cells/ml. Trends in the 
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differential recovery of MMC constituents achieved by various sampling devices were 

evaluated via standard and quantitative ssPCRs (Table 4). Traditional ssPCRs were performed 

with DNA extracts arising from each sampling replicate, and resulting amplicons were 

visualized with an Agilent 2100 Bioanalyzer. As was observed with general rRNA gene 

qPCR, cotton swabs proved more effective than nylonflocked swabs in collecting MMC-

derived DNA from stainless steel surfaces (66.2% versus 48.1% occurrence, respectively; 

Table 4) following upon ssPCR analysis. Similarly, BiSKits outperformed polyester wipes in 

the recovery of MMC constituents from large surfaces (55.8% versus 40.3% incidence, 

respectively; Table 4). B. megaterium KL-197 was the only MMC strain whose rRNA gene 

was recovered from every sampling device replicate (Fig. 4 and Table 4). The rRNA 

genes of other desiccation-tolerant strains, such as D. radiodurans R1 and Acinetobacter 

radioresistens 50v1, were retrieved in the majority of swab and BiSKit sampling replicates 

(Fig. 4 and Table 4). Aureobasidium pullulans 28v1 and Staphylococcus warneri 82-4 were 

the only MMC constituents whose DNA was not recovered, regardless of the sampling matrix 

employed (Fig. 4 and Table 4). Coincidentally, the detection limits for these strains were 

among the highest within the MMC (9.0 x10
6
 and 4.3 x 10

4
, respectively). Finally, effective 

recovery of the C. sporosphaeroides rRNA gene was limited to both swabbing materials from 

small surface samples, as BiSKits and polyester wipes failed to yield amplifiable DNA from 

large surfaces (Fig. 4 and Table 4). 
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FIG. 4. ssPCR gel electrophoresis results for each MMC constituent. Selected sample 

replicates and sampling blanks of each sampling device, MMC aliquots, and media blanks 

were subjected to ssPCR for each MMC strain. ssPCR products were visualized via 

microchannel-based electrophoresis with an Agilent 2100 Bioanalyzer. Abbreviations: -Ve, 

positive control (DNA from cultured cells); C-3, cotton swab replicate 3; C-SB, cotton swab 

sampling blank; N-3, nylon-flocked swab replicate 3; N-SB, nylon-flocked swab sampling 

blank; MC, MMC (unseeded); MB, medium blank used for MMC; B-2, BiSKit replicate 2; B-

SB, BiSKit sampling blank; W-2, polyester wipe replicate 2; W-SB, polyester wipe sampling 

blank; NTC, no-template control. 
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4.4 Discussion 

The goal of this study was to evaluate and standardize protocols and procedures involved with 

the collection, processing, and molecular analysis of contaminant biomolecules from SAC 

surfaces. While several protocols are in place for the sampling of low-biomass surfaces 

(Brown et al.,2007; Brown et al., 2007; Buttner et al., 2001Hodges et al., 2010; 

Lewandowskiet al., 2010;  NASA 1980, Probst et al., 2010), few employ molecular-analysis-

based methods, and most experiment only with one or two test organisms. In this study, a 

consortium of bacterial spores and cells representing all 3 domains of microbial life was 

engineered as a proxy for the diverse, low-abundance microbial populations typical of clean-

room environments. This MMC was used to test and optimize the numerous stages involved 

in molecular microbial diversity analysis. To the best of our knowledge, this is the first study 

to employ a complex MMC of diverse phylogenetic relevance to the testing and optimization 

of protocols for collecting, processing, and analyzing biomolecular samples from clean-room 

surfaces. Using the MMC as a positive control, a complex suite of sample handling and 

processing techniques was thoroughly 

evaluated prior to the testing and evaluation of different sampling regimens. The use of 

cryoprotectant chemicals (e.g., dimethyl sulfoxide, glycerol) is well known to protect 

microbial cells and allow increased viability and cultivability following prolonged storage at 

low temperatures (Li and Ricke., 2004). However, as the MMC was intended to mimic the 

complex array of live, dead, and degraded material found on clean-room surfaces, no attempt 

to preserve the integrity of MMC organisms was made once the MMC was mixed. Instead, 

care was taken to protect the molecular analyses from the seemingly unavoidable presence of 

contaminant nucleic acid residues associated with cryoprotectant reagents. Furthermore, 

glycerol concentrations suitable for maintaining cellular cultivability (Li and Ricke, 2004) 

impeded the centrifugal filtration of large sample volumes. Ergo, the use of such chemicals 

was intentionally avoided for this study and the MMC was stored at -80°C in PBS only. 

Similarly, while PBS was used for storing the MMC, it was found to hinder the recovery of 

MMC biomolecules. PBS and other buffered solutions may help prevent cellular death and 

degradation resulting from osmotic stress, but such protection comes with a cost: the 

precipitation and deposition of salt crystals onto the metal surfaces induce changes in surface 

chemistry and hinder the recovery of microbes (150-fold lower than with water-suspended 

MMC) (data not shown). Furthermore, such protection from drying and other osmotic stresses 
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is not representative of the conditions within cleanroom environments. Therefore, the MMC 

was harvested via centrifugal filtration from PBS and resuspended in sterile water (with 

accepted consequences for osmotically sensitive MMC strains) immediately prior to its 

deposition onto metal surfaces. For the purposes of this evaluative study and in accordance 

with previously published findings, it was important to consider the amount of time the MMC 

spent in a completely desiccated state while dried onto the metal surface. By applying 

tapelifting and/or polyvinyl alcohol coating techniques, effective removal of bacterial spores 

from metal surfaces was demonstrated, with recoveries as high as 90% for up to 18 months of 

desiccation (Tauscher et al., 2006). With regard to vegetative cells, however, previous 

unpublished studies have shown that the recovery of vegetative cells from metal surfaces was 

negatively influenced by increasing drying times on metal surfaces or swab heads (from a few 

to 24 h). In order to accurately mimic the conditions present in a humidity-controlled clean 

room (relative humidity of    40 to 55%, facility dependent), the MMC was deposited and 

allowed to dry for 24 h on the metal surface prior to sample collection. There were several 

variables to examine with regard to the processing of collected MMC samples. Subjecting 

sampling devices to a sonic bath upon the addition of resuspension solution (sterile water or 

PBS) has been shown to promote the release of cells and spores from cotton, foam, and 

polyester matrices (Puleo et al., 1967). In this study, sonication did not dramatically hinder 

the cultivation of MMC strains (  80% cultivable after sonication), nor did it compromise the 

integrity of sample DNA molecules. As different sampling devices required different volumes 

of resuspension fluid (  45 to 600 ml) for optimum recovery, following sonication, the sample 

eluates underwent a centrifugal concentration step with Amicon filters. This concentration of 

cells, spores, and all other materials of biotic origin proved very effective and facilitated 

molecular biological downstream analysis, which is not possible at lower concentrations. The   

60% recovery of DNA achieved using Amicon centrifugal filters was superior to all other 

available protocols. Previously, DNA loss as high as 90% was reported when   10 ml of 

sample was directly subjected to standard phenol-chloroform-based DNA extraction 

procedures, likely resulting from the direct processing of large sample volumes (  10 ml) 

without prior concentration (La Duc et al., 2009; Sambrook et al., 1989). Other studies have 

also confirmed the necessity of centrifugation or filtration of large sample volumes prior to 

downstream DNA processing and analysis (Buttner et al., 2001). The Amicon centrifugal 

filtration procedure advocated in this study proved effective and yielded reproducible results 

for sample volumes of up to 45 ml. When processing the    600-ml samples collected with 
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polyester wipes, the entire volume was first subjected to 0.22-µm membrane filtration and 

then further concentrated via Amicon centrifugal filtration. To achieve thorough and effective 

lysis of the hardiest and most diverse microbial cell walls and outer membranes, both 

automated and manual alkaline lysis-based DNA purification procedures can be augmented 

with some form of mechanical abrasion (Sambrook et al., 1989). A simple bead-beating step 

prior to nucleic acid extraction protocols was necessary to lyse open the extremely resilient 

actinobacterial cells and even bacterial spores from environmental samples (La Duc et 

al.2009, Wilson et al., 2002). However, bead beating or any other form of mechanical 

abrasion could inadvertently shear and/or significantly degrade large nucleic acid polymers 

from less resilient organisms (La Duc et al., 2009). To avoid biases in this regard, the samples 

collected in this study were split into two equivalent portions. One portion was subjected to 

bead beating prior to undergoing nucleic acid extraction, and the other portion was not 

subjected to mechanical abrasion prior to the purification of nucleic acids. Both portions were 

pooled together and subjected to automated DNA extraction as one sample volume (La Duc et 

al., 2009). As was previously recommended, automated methods are preferred to traditional 

manual phenol-chloroform-based DNA extraction techniques and were employed during this 

study so as to maximize reproducibility and avoid technician based variability  (La Duc et al., 

2009). Recently, a comparative evaluation of cotton swabs with other swab varieties 

concluded that nylon-flocked swabs were superior to cotton swabs for the collection of 

Bacillus sp. Spores from stainless steel and other surfaces (Probst et al., 2010). In a similar 

vein, the use of nylon-flocked swabs resulted in more-efficient recovery of cultivable 

contaminants from pharmaceutically relevant surfaces (Dalmaso et al., 2008). To date, the 

literature is devoid of reports similar to that of the present investigation, which focused on 

evaluating procedures for the effective and efficient collection and processing of not only 

intact microorganisms but a wide spectrum of biomaterials (from cells to nucleic acid 

remnants) from clean-room surfaces. This study found nylon-flocked swabbing material to be 

comparable to cotton for removing intact cultivable cells and spores from small (  25-cm
2
) 

metal surfaces (  1% recovery). However, cotton swabs consistently yielded a higher recovery 

of rRNA gene copies than nylon flocked swabs (10-fold more). BiSKit sampling modules 

were superior (2-fold more) to NASA-certified polyester wipes for retrieving DNA molecules 

from larger surface areas, perhaps a consequence of the highly porous nature of the BiSKit 

macrofoam versus the tightly woven fibers within the polyester wipe. Even though all of the 

sampling devices of a given type originated from the same lot, both cotton and nylon-flocked 
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swabs suffered from remarkably high variability in resulting qPCR values for sampling blanks 

and across sample replicates (Fig. 3). Such inconsistency (up to 2 logs in the case of nylon 

flocked swab replicates) could be indicative of a notable degree of variation in sampling 

material composition within the same lot and merits further investigation. In addition, the 

signal-to noise ratios obtained with both nylon-flocked swabs and BiSKits were surprisingly 

low, suggestive of indigenous DNA associated with each sampling device. Though laborious, 

ssPCR proved invaluable in assessing the differential recovery of MMC constituents by the 

various sampling matrices tested. In addition, this molecular technique was not at all affected 

by the considerable levels of indigenous DNA associated with sampling materials. As was 

observed with general rRNA gene qPCR, cotton swabs and BiSKits were superior to their 

respective counterparts in collecting MMCborne DNA from metal surfaces. As could be 

expected, several of the MMC constituents most frequently detected via ssPCR were among 

those still cultivable after 90 days of storage at -80°C. These bacterial species were apparently 

the most resistant to desiccation and cryogenic storage. Additionally, it is not surprising that 

all sampling devices failed to recover ssPCR-amplifiable levels of DNA from A. pullulans 

28v1 since the limit of detection of this eukaryotic strain was 9.0 x 10
6
 gene copies. Since   

1,300-bp regions of the 18S-internal transcribed spacer gene cluster were able to be amplified 

with as little as   10
3
 CFU/reaction mixture (pure culture), it is apparent that ssPCR conditions 

must be further optimized to assess eukaryotic cells in this manner. These results stress the 

importance of selecting and tailoring sample collection and processing approaches based on 

the desired target within the sample and the level of detection/ resolution required. If the 

relevance of a given investigation is limited to the presence of intact, cultivable cells, then, 

based on other studies, nylon-flocked swabs would likely be the better sampling device. If, on 

the other hand, a survey is more interested in the entire spectrum of microbial diversity on a 

given surface, then the preferred sampling instrument would be either cotton swabs or 

BiSKits, depending on the surface area. The findings of this study tend to support those of 

previous work and hint at the need to readdress the use of standard methodologies over state-

of-the-art, biomolecule-friendly sample collection and processing regimens. 
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5. Discussion  

 

The subject of my thesis has provided for the first time data on the viability of rock-dwelling 

organisms and microbial communities after a long-term exposure to space parameters. 

Moreover, EXPOSE-E LIFE provided data on cryptoendolithic microorganisms within their 

natural substratum that have been exposed for long time to space and simulated Martian 

conditions in Low Earth Orbit. 

The test systems, collected from hostile conditions, such as Antarctica and high mountain 

regions, are adapted to cope with high radiation intensities, arid phases, and extreme 

temperature fluctuations, somehow similar to those experienced in space. In C. antarcticus, 

for example, globular cells are enveloped in a thick melanised cell wall, protecting them from 

radiation and desiccation. Their meristematic way of producing colonies (i.e. dividing in all 

directions) further supports their resistance (Selbmann et al., 2005; Sterflinger, 2005; Onofri 

et al., 2008; 2009). Special protection against environmental extremes is also granted for the 

photobiont, the green alga Trebouxia sp. of the lichen X. elegans. In this symbiotic 

organization, the fungus forms a cortex with an upper layer incrusted with parietin and a 

mucilage layer enveloping the alga cells in a medulla matrix. 

Although we have demonstrated that some rock-dwelling species are capable of partially 

withstanding the harsh environment of outer space – or certain parameters of it - for at least 

1.5 years, the data are insufficient for drawing any consequences for the likelihood of 

Lithopanspermia. The possibility of surviving a much longer journey in space, as would be 

required for a natural travel from Mars to Earth or vice-versa, still remains an open question. 

This especially applies to organisms dwelling at the surface of rocks, like the lichen X. 

elegans, which would be fully exposed to the lethal spectrum of solar extraterrestrial UV 

radiation during a hypothetical interplanetary transfer. The only one data point at an exposure 

time of 1.5 years, resulting in a viability of (45 ± 2.50) %, as determined by PSII activity, 

does not allow any extrapolation over hundreds, thousands, or even millions of years, as 

would be required for Lithopanspermia (Gladman et al. 1996). The situation would be much 

more favorable for endolithic organisms, because they would be shielded from solar UV 

radiation by the surrounding rock material. However, the cryptoendolythic organisms tested 

in this study did not show a high survival rate in space, even if shielded from solar UV 

radiation. Our experiments demonstrate also that outer space can act as a selection pressure on 
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the composition of microbial communities (Cockell et al. 2011). Further studies are needed 

with more resistant communities. An example is the vagrant lichen species Aspicilia 

fruticulosa that – after 16 days in space - showed a complete recovery of space induced 

damage after 72 h of reactivation (Raggio et al. 2011).  

Natural transfer of microorganism between planets via Lithopanspermia could have been 

occurring for millions of years (Gladman et al., 1996; Nicholson 2009). Since the last 50 

years, human activities in space exploration have become another potential source of 

spreading microorganisms between planets. Nearly 40 robotic missions have been launched 

with Mars as their destination (Horneck et al., 2007). In order to prevent the introduction of 

microbes from the Earth to another celestial body or vice versa, a concept of contamination 

control has been elaborated by the Committee on Space Research (COSPAR) under 

consideration of specific classes of mission/target combinations, which have been 

recommended to be followed by each space-faring organization (COSPAR 2011). Lander 

missions to Mars require especially strict measures of cleanliness and partial sterility of the 

spacecraft (COSPAR 2011). The test systems that have been used in the LIFE experiment, 

though unlikely to be found on spacecraft, can be considered as models for demonstrating 

how life, if accidentally transferred from Earth to outer space, may resist and contaminate 

other celestial bodies and planets (i.e. Mars), thereby interfering with future life detection 

missions.   

Since LIFE experiment has implication of planetary protection issues and since possible 

biological cross-contaminants could be organized in microbial communities, the other goal of 

this study was to evaluate and standardize protocols and procedures involved with the 

collection, processing, and molecular analysis of contaminant biomolecules from SAC 

surfaces. While several protocols are in place for the sampling of low-biomass surfaces, few 

employ molecular-analysis-based methods, and most experiment only with one or two test 

organisms. In this study, a consortium of bacterial spores and cells representing all 3 domains 

of microbial life was engineered as a proxy for the diverse, low-abundance microbial 

populations typical of clean-room environments. This MMC was used to test and optimize the 

numerous stages involved in molecular microbial diversity analysis. To the best of our 

knowledge, this is the first study to employ a complex MMC of diverse phylogenetic 

relevance to the testing and optimization of protocols for collecting, processing, and analyzing 

biomolecular samples from clean-room surfaces. 
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