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I. Abstract 
Extreme environments are characterised by the presence of various physical and chemical stressors and offer 
the opportunity to understand the terrestrial and extraterrestrial borders of life (e.g. onboard the International 
Space Station and on Mars). Some terrestrial extreme environments resemble Mars-like conditions and enable 
us to monitor potential Martian habitability. A key factor here is the limitation of oxygen on Mars. Anoxic 
environments are the most defiant samples in sample collection and cultivation and thus vastly unexplored. 
However, the assessment of anaerobic microorganisms enables researcher to draw conclusions on possible 
extinct and extant extraterrestrial life. Also, the logistics of travel to Mars has to be considered. Long lasting, 
manned space missions to Mars require more knowledge on the diversity and behaviour of microorganisms in 
space-environments to maintain a secure working place. This thesis encompasses the assessment of the 
microbial diversity in space-relevant, extreme environments and analysis of members thereof by combining 
cultivation-based and cultivation-independent methods.  

One extreme environment is represented by the confined indoor environment of the International Space 
Station (ISS). While the presence of numerous human-associated bacteria onboard the ISS was already 
reported, the occurrence of Archaea remained unclear. Archaea are omnipresent on Earth and were frequently 
detected in cleanrooms, where the spacecraft hardware is assembled. The molecular investigation of long-term 
stored dust samples of the ISS confirmed the presence of human-associated microbiota and uncovered also 
archaeal signatures, which were detected for the first time in an extraterrestrial environment. Moreover, 
obtained bacterial cultures and subsequent stress-tests uncovered an exceptional resistance against 
desiccation and antibiotics. These findings strongly enlighten insights into the extraterrestrial microbiome and 
the archaeome and have to be considered for future space missions.  

Terrestrial Mars analogues are in the scope of interest, because they offer the opportunity to study microbial 
model organisms and model communities, which might be able to withstand Mars-analogue conditions. Several 
Mars-analogue settings have been investigated before; however, a substantial lack of knowledge is given on 
oxygen-depleted settings. Several extreme, anoxic settings, which resemble abiotic Early and Present Martian 
conditions, were investigated in the frame of the MASE project (Mars Analogues for Space Exploration). 
Extensive cultivation efforts delivered numerous valuable, novel anaerobic model organisms, which were 
unconsidered for astrobiology so far. Findings of cultivation-independent methods uncovered an overall 
environment-specific diversity including highly adapted microorganisms. Deeper analysis revealed a 
cosmopolitan group of bacterial signatures present in all Early Mars-analogue settings. A small fraction of these 
signatures were also present in the Present Mars-analogue environment. These results emphasise a high 
microbial diversity in anoxic, extreme environments including versatile core genera with significant implications 
for astrobiology.  

Subsurface environments, such as the MASE sulphidic springs, were already known to harbour an exceptional 
archaeon. In the nutrient-poor aquifers, uncultivated SM1 euryarchaeal biofilm (now: “Candidatus 
Altiarchaeum hamiconnexum”) flocks are washed up and have been investigated thoroughly upon their 
phylogeny and life-style throughout the last decade. The work carried out along in this thesis helped to 
decipher novel findings on the ultrastructure. Candidatus Altiarchaeum hamiconnexum possesses an Archaea-
atypical double membrane and cell surface appendages (“hami”), which are anchored and assembled (most 
likely) similarly to bacterial type 4 pili. The hami are formed by one major protein species, namely hamin 
protein, which showed high N-terminal similarity to S-layers. These findings propose the divergent evolution of 
a highly-ordered proteinaceous sheath into exceptionally organized filaments. The full-length hamin-encoding 
gene was identified and served as foundation for heterologous expression attempts. The hami filaments pose 
exceptional tools in nanobiotechnology.  

In summary, the findings presented in this thesis remarkably contribute to understand life in extreme 
extraterrestrial and terrestrial settings with high impacts in astrobiology and industry.  
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II. General Introduction 
 

1. Tackling the dogma of microbial diversity 

“Microorganisms will give you anything you want if you know how to ask them”
1 

1.3 billion years after the formation of the Earth (~4.5 billion years ago), after the Hadean 

Eon, the planet cooled down, solid crusts and oceans formed and established the major 

prerequisite for the origin of life. The oldest biosignatures of life found so far are 

“stromatolites”, dome-shaped clumps formed by mats of microorganisms, and are dated 

back to around 3.4 billion years ago in the Archean Eon (Allwood et al., 2007; Schopf et al., 

2007). The world back then was very different from the Earth today. It was characterised by 

extreme conditions including high temperatures, and an oxygen-depleted atmosphere 

comprised of large amounts of ammonia, methane, water vapour, and carbon dioxide. One 

hypothesis speculates that first lifeforms were extremophiles (meaning “loving the 

extreme”; Brock, 1978; Fredrickson and Onstott, 1996), which had adapted to anaerobic and 

hyperthermophilic conditions. Many of these microorganisms are evolutionary relics and 

belong to the domain Archaea. The existence of Archaea was first recognized in 1977, when 

Carl Woese and George Fox rearranged the tree of life based on universal molecular markers 

(small ribosomal subunits; Woese and Fox, 1977; Woese et al., 1990; Figure II.1-1). Archaea 

are morphological similar to Bacteria at first sight and are comparable in size and shape. 

Nonetheless, closer investigations on genetic and ultrastructural levels disclosed high 

dissimilarities of Archaea to Bacteria as well as to Eukaryota. Hence, Archaea were grouped 

in a separate branch in the tree of life. For a long time, archaeal existence was thought to be 

restricted to extreme environments on Earth: high/low temperatures, high acidic or alkaline 

conditions, high amounts of salts, very low water activity and low nutrient availability 

(Rothschild and Mancinelli, 2001). This may be due to the fact that the majority of Archaea 

were isolated from specialized and extreme niches. However, archaeal as well as bacterial 

signatures are detected in almost every environment on Earth. Their omnipresence 

demonstrates that microorganisms are equipped with physiological versatility and are 

consequently assigned as “survival specialists”.  

                                                           
1
 Kinichiro Sakaguchi 
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The detailed assessment of the microbial diversity has challenged microbiologists for a long 

time. Thus far, ~11.000 microbial species have been cultivated and validly described and 

~600 are added each year (Rosselló‐Móra, 2012). Traditional cultivation techniques in the 

laboratory involve plating and inoculation in broth medium including or excluding the 

presence of oxygen. Anaerobic cultivation demands much more effort due to the strict 

avoidance of oxygen. The preparation of anoxic media requires the expulsion of all bound 

oxygen molecules and has been standardized over years (Hungate, 1969; Miller and Wolin, 

1974). The air in the atmosphere is replaced by gas mixtures of H2, CO2, N2 depending on the 

metabolic demand. This technique is carried out using suitable equipment such as gas 

stations and anaerobic glove boxes (Aranki and Freter, 1972). Growth of microorganisms 

takes place in gas-tight vessels, which do not allow atmospheric oxygen to enter the 

medium. 

When looking at the estimated microbial richness of 107-1012 species, the amount of 

cultivated microorganisms count a very small proportion (Dykhuizen, 1998; Pedrós-Alió, 

2006). One explanation is that the majority of microorganisms are considered to be 

uncultivable (Amann et al., 1995; Joseph et al., 2003). There are many reasons for this: (i) 

cells are known to enter a non-culturable state when exposed to unsuitable growth 

conditions (Roszak et al., 1984, Xu et al., 1982), (ii) lack of knowledge on growth conditions 

for unknown species (Dewi Puspita et al., 2012), (iii) time-demanding slow growth (especially 

cold-loving psychrophiles; Franzmann et al., 1997) and (iv) dependence on symbioses (one 

or more), which does not allow pure cultures of single species (Jahn et al., 2007; Morris et 

al., 2013). 

A second explanation is that obtaining pure cultures is in many cases time-consuming as well 

as labour intensive. In particular, cultivation becomes increasingly challenging while working 

with microorganisms that require complex metabolic demands.  

Despite the obstacles, cultivated microorganisms are valuable and indispensable for 

microbiologists. A valid description of a microbial species requires a cultivated 

representative, which are subjected to various techniques to guarantee a clear classification 

(e.g. DNA-DNA hybridization and spectrometric techniques, such as MALDI-TOF 

spectrometry (Welker and Moore, 2011).  
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In addition, cultivation enables to uncover features behind the gene sequences (e.g. 

metabolomics, ultrastructure, interaction with the environment). Although cultivation is 

ambitious, it is essential to obtain a comprehensive insight into an organism’s lifestyle.  

Researchers have tackled some shortcomings of cultivation in very creative ways and have 

tried to find a trade-off between standard laboratory cultivation and growing 

microorganisms in their natural environments. In situ cultivation techniques were developed 

by promoting the microorganisms` growth directly within their natural biotope (Gavrish et 

al., 2008; Nichols et al., 2010). In the best case, one microorganism is trapped within a cell-

device and required growth factors are delivered throughout a semipermeable membrane, 

which keeps other microorganisms out of the trapping system and prevents overgrowth. 

This system has improved over the years and nowadays even high-throughput chip-systems 

are available (isolation chip; iChip), allowing the simultaneous in situ isolation and cultivation 

of thousands of microorganisms in the same biotope (Ling et al., 2015).  

As promising as the in situ cultivation method is described, it still has drawbacks. The first 

and most obvious limitation is restricted access to some extraordinary biotopes such as the 

hydrothermal vents in the Deep Sea. Hence, sampling and monitoring is limited by a long 

preparation time and very cost-intensive. A second limitation is represented by very slow 

growers which do not show up in a researcher`s lifetime. Lastly, the purification of 

interdependent communities is still not feasible with this method.  

Yet, it is possible to analyse certain traits of uncultivated microorganisms by culture-

independent methods such as stable isotope probing (SIP; Radajewski et al., 2000; 

Radajewski et al., 2003), microscopy techniques (including scanning, transmission and 

fluorescence-based microscopy such as fluorescence in situ hybridisation; Wagner et al., 

1994) and molecular methods (e.g. sequencing techniques). The latter attracted increasing 

and justified attention, since the methods are rapidly improving. Sequencing methods are 

enabling the assessment of entire microbial communities, which are not sufficiently covered 

by cultivation.  

Sanger and colleagues established the first sequencing method which enabled us to decipher 

complete gene sequences and entire genomes (Sanger et al., 1977). The Sanger technique 

lead to the ground-breaking novel tree of life suggested by Woese and Fox (Woese and Fox, 

1977; Woese et al., 1990) and eventually facilitated the sequencing of the first human 
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genome (Consortium, 2004). The diversity of microbial communities can be estimated by 

community fingerprinting, whereas PhyloChip analyses enables the quantification and 

identification thereof (Muyzer and Smalla, 1998; DeSantis et al., 2007). However, the 

aforementioned methods are more and more replaced by high-throughput sequencing 

methods.  

The trend nowadays is to focus on Next Generation Sequencing (NGS) methods, which cover 

the small subunit ribosomal RNA (SSU rRNA) genes of a microbial population. Different 

sequencing platforms are available, ranging from Roche 454 pyrosequencing (Quince et al., 

2009), Pacific Biosciences (PacBio RS II; Hoefler et al., 2013) to Illumina sequencing (MiSeq 

and HiSeq; Caporaso et al., 2012). The sequencing technique has evolved so rapidly that 

nowadays sequencing is even possible on the International Space Station. In an experiment 

referred to as the Biomolecule Sequencer, the MinION device demonstrated successfully 

sequencing of DNA in microgravity (Castro-Wallace et al., 2016). All technologies provide 

high speed, massively parallel sequencing, but inherently introduce inherent error rates 

(Quail et al., 2012). The least biased method is represented by Illumina MiSeq sequencing, 

which is currently the method of choice. 

NGS allows a deep characterisation of the composition of the biological world. However, 

there are also limitations, which falsify the “real picture”. For instance, organisms from novel 

lineages remain hidden due to an inappropriate primer matching (Bergmann et al., 2011; 

Brown et al., 2015). Other biases are introduced by (i) DNA extraction (Feinstein et al., 2009), 

(ii) PCR amplification (Pinto and Raskin, 2012), (iii) sequencing artefacts (Lee et al., 2012), 

(iv) DNA copy number (Kembel et al., 2012), and (v) sampling depth (Lagier et al., 2012). 

Some errors can be tackled by performing replicates, suitable DNA extraction methods 

(Feinstein et al., 2009), multiple combinations of primer sets, reducing the number of PCR 

cycles to avoid chimera formation (Ahn et al., 2012) and negative controls (meaning no 

template controls), which are carried along each step. Although researchers are aware of 

these problems and try to eliminate them, microbiome projects are still lacking a standard 

operation procedure (SOP), which guides each step of sample preparation and data 

processing (Brooks et al., 2015).  

A microbial community is more than a list of types of organisms. 16S rRNA gene surveys do 

not provide information on microbial properties and their function. A more sophisticated 



II. General Introduction 

- 15 - 

sequencing method is represented by “whole-genome shotgun sequencing” (Venter et al., 

2004). Here, in contrast to sequencing a single gene or genome (Rinke et al., 2013), the DNA 

amount of an entire community is sequenced and provides valuable insights into encoded 

functional capacities and the genetic repertoire. Currently, more than 30.000 draft genomes 

(i.e. reconstructed genome fragments) are available, obtained from all domains of life. 

Recently, the draft genomes have served as a basis to recalculate the tree of life. The 

reconstructed tree contains a vast number of uncultivated representatives, in particular, of 

organisms deriving from extreme, yet unexplored environments (Hug et al., 2016; Figure II.1-

1). When compared to the tree of Woese and collegues, which was calculates almost 30 

years ago, there has been tremendous progress in capturing the uncultivated microbial 

diversity by NGS as is illustrated in Figure II-1.1.  
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Figure II.1-1 The new tree of life (Hug et al., 2016) (A) is facing the old tree (B, Woese et al., 1990). The old tree 
was calculated on single sequences (16S/18S rRNA gene of Prokaryotes and Eukaryotes, respectively), while the 
new tree is based on entire (draft) genomes. While comparing their dimensions, it becomes clear that the 
knowledge on the diversity is rapidly growing. The major part of organisms remains uncultivated (for instance 
in the Candidate Phyla Radiation, coloured in purple). In (A) red dots and non-italicized names highlight 
lineages, which lack an isolated representative. 

 

However, as described above, culture-dependent and culture-independent methods are 

facing the same problem: On a standalone basis, each method does not create a true 

illustration of a whole microbial community. On the hand, NGS allows capturing the 

diversity, but phenotype characteristics remain hidden behind the sequences. On the other 
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hand, cultivation of the entire microbial community is not possible. An obvious solution is 

the combination of cultivation and cultivation-independent methods, which delivers the best 

result (Donachie et al., 2007; Lagier et al., 2012; Dubourg et al., 2013).  

Within the frame of this thesis, both methods are combined in order to uncover the 

“microbial dark matter” of terrestrial, extreme environments. Results of Illumina MiSeq 

sequencing will provide enlightenment on the microbial diversity of various extreme 

environments, namely the International Space Station and Mars-analogue sites. An extensive 

cultivation approach allows drawing conclusions on stress resistances of isolated microbes. 

Cultivation is not always possible in the laboratory and the following chapter shows how in 

situ cultivation combined with cultivation-independent methods sheds insights into the 

lifestyle of an archaeon, which is hosted in one of the investigated extreme, environments. 

These sulphidic springs are also in the scope of astrobiological research as Mars-analogue 

aquifers. In the subsequent chapter, extreme environments on Earth and in space are 

described with respect to their relevance for the search of extraterrestrial life.  

2. A grappling archaeon: Traits of the SM1 Euryarchaeon 

“I have never been disappointed upon asking microorganisms for whatever I wanted”
2
 

2.1. Profiling the SM1 Euryarchaeon 

More than 15 years ago, the discovery of an archaeon was reported, which exhibited a very 

unusual lifestyle (Rudolph et al., 2001). In the Sippenauer Moor, a sulphide-rich anoxic spring 

in close vicinity to Regensburg, Bavaria (Germany), whitish pearl-like assemblages were 

found to be attached to solid surfaces and float on the subsurface. Their eye-catching and 

macroscopically visible appearance drew interest on their composition. Different microscopy 

techniques such as scanning electron or phase contrast microscopy and fluorescence in situ 

hybridization (FISH) revealed that the pearls and the connected threads were formed by two 

main morphologically as well as phylogenetically different microorganisms (Rudolph et al., 

2001; Moissl et al., 2002; Moissl et al., 2003; Rudolph et al., 2004b): Filamentous, sulfur-

oxidizing bacteria (Thiothrix sp. SipK4, Gammaproteobacteria; Rudolph et al., 2001; Moissl et 

al., 2002) connect whitish pearls, which mainly consist of anaerobic coccoid archaea 

(referred to as “SM1 Euryarchaeon”, based on the location Sippenauer Moor).  

                                                           
2
 Kinichiro Sakaguchi 
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It was already hypothesised at this point that this unusual partnership relies on an atypical 

form of cohabitation based on a syntrophic or even symbiotic relationship (Moissl et al., 

2002). The partnership was proposed to rely on a sulfur cycling process, where the anaerobic 

SM1 Euryarchaeon potentially reduces sulphate to H2S, which is metabolized by their 

surrounding sulfur-oxidizing bacterial partners and vice versa. Cultivation experiments on 

the archaeal enrichment failed and the authors speculated on a partner-dependent lifestyle 

(Rudolph et al., 2001; Moissl et al., 2002). 

The unusual lifestyle in form of the “strings-of-pearls community” (SOPC) was not restricted 

to the Sippenauer Moor. Another sulphidic spring in Bavaria, the Islinger Mühlbach, shows 

the presence of similar structures. The spring was artificially formed by a drill hole and is 

characterised by a similar water chemistry and temperature compared to the Sippenauer 

Moor (~10°C throughout the year; Probst et al., 2013b). Near the outflow, coccoid archaeal 

cells accumulate to macroscopically visible pearls, surrounded and connected by filamentous 

bacteria, which, however, belonged to a different bacterial class (IMB1; 

Epsilonproteobacterium; Rudolph et al., 2004b; later classified as Sulfuricurvum sp.; Kodama 

and Watanabe, 2004). The phylogenetic different cohabitation was explained by the lower 

oxygen concentration in the Islinger Mühlbach compared to the Sippenauer Moor, which is 

enhancing the growth of IMB1 and outcompetes the growth of Thiothrix sp. (Probst et al., 

2013b). The macroscopic and microscopic view on the SOPC is shown in Figure II.2-1. 
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Figure II.2-1 String-of-pearl community differently imaged. The structure can already be observed by naked eye 
(A). It is formed by coccoid and filamentous microorganisms (B, phase contrast microscopy), which were 
identified as Archaea and Bacteria, respectively (Fluorescence in situ hybridisation imaging (C)). Images were 
taken from Rudolph et al. 2001 and 2004.  

 

Further studies focused on the microcolony-forming archaea encapsulated within the pearls. The 

cocci with a diameter of 0.5 µm were analysed by clone libraries and taxonomic analyses classified 

the archaeal strains from both springs. They belong to a single phylotype and branch separately 
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within the Euryarchaeota (Rudolph et al., 2001; Moissl et al., 2002; Moissl et al., 2003; Rudolph et al., 

2004b). Signatures of the SM1 Euryarchaeon were also detected in environmentally remote locations 

(e.g. in Turkey) and proved them to be widely distributed (Rudolph et al., 2004b, Bird et al., 2016; 

Figure II.2-2).  

 

Figure II.2-2 The SM1 phylotype within the Euryarchaeota tree (highlighted in green). Closely related 
signatures were detected in many Bavarian freshwater settings. More information can be found in Probst 
and Moissl-Eichinger, 2015.  
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Interestingly, their lifestyle was not restricted to the SOPC morphology, but could also be 

detected in the form of a mono-archaeal, partner-independent biofilm appearance. In both 

springs, an in situ trapping system overcame the unfeasible cultivation in the laboratory 

(Henneberger et al., 2006). 

Polyethylene nets were exposed in anoxic areas of the springs and after minutes, slimy, 

whitish flocks were randomly attaching to the trapping system. Phylogeny and FISH studies 

revealed the flocks to be dominated by the same archaeal species, with only a minor 

proportion (5%) of their respective bacterial partners and thus forming an almost pure 

archaeal biofilm (Henneberger et al., 2006; Probst et al., 2013b; Figure II.2-3). The 

composition of the core microbiome of the biofilm was assessed using 16S rRNA gene 

microarray (PhyloChip G3) analysis, and was further confirmed by dsrB gene targeting FISH. 

Quantitative PCR assays revealed representatives of the Deltaproteobacteria (sulphate-

reducing group) as significantly enriched (Probst et al., 2013b). It was speculated that these 

bacteria provided a valuable function within the biofilm, as they were consistently abundant 

over a long period of time (Henneberger et al., 2006; Probst et al., 2013b). In addition, the 

sensitive PhyloChip technique detected additional archaeal species embedded in the biofilm, 

however, in a small proportion (Probst et al., 2013b). This finding was confirmed by FISH and 

clone library experiments. 

The SM1 euryarchaeal cells, as previously seen in SOPCs, were surrounded by a thick matrix 

of extracellular polymeric substance (EPS; Costerton et al., 1995). The EPS layer consisted of 

polysaccharides and proteins and was most likely also produced by the SM1 euryarchaeal 

cells (Henneberger et al., 2006). The EPS of archaeal biofilms is, similar to bacterial EPS 

matrices, the key mediator for structure and function of biofilms (Flemming and Wingender, 

2010). Only a few archaea-containing biofilms are known (Edwards et al., 2000; Battin et al., 

2001; Couradeau et al., 2011) and most information is based on static incubation systems 

conducted under laboratory conditions (LaPaglia and Hartzell, 1997; Schopf et al., 2008; 

Baker-Austin et al., 2010; Fröls et al., 2012; Bang et al., 2014; Di Meglio et al., 2014). 

Naturally formed archaeal mono-species biofilms, as formed by the SM1 Euryarchaeon, are 

rare. The best knowledge available is on the ARMAN consortium which dominates one 

environment (Orphan et al., 2001). Hence, archaeal mono-species biofilms pose a special 

feature within natural archaeal lifestyles. 
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The biofilm formation of the SM1 Euryarchaeon was observed in deeper, anoxic subsurfaces 

of two biotopes (Islinger Mühlbach and Sippenauer Moor). Interestingly, they exhibit 

macroscopically different appearances, presumably caused by different strains (Probst et al., 

2013b).  

Strikingly, as observed in all SM1 euryarchaeal lifestyles (SOPC and biofilms), the cells were 

arranged in a regular, three-dimensional pattern and each cell kept a certain distance from 

the other (Figure II.2-3).  

 

Figure II.2-3 Scanning electron micrograph depicting the dense, well-ordered biofilm (A). Each cell is kept in a 
certain distance by spacers (Bar: 1 µm; Probst and Moissl-Eichinger, 2015). This phenomenon is also observed 
in confocal scanning micrographs (B, each circle indicates for a diameter of 8 µm; Henneberger et al., 2006). 

 

The spacers were observed as proteinaceous cell surface appendages exhibiting an 

extraordinary appearance and architecture never seen before.  

2.2. Archaeal ninjas  

Each SM1 euryarchaeal cell analysed from the Sippenauer Moor and Islinger Mühlbach was 

observed to be covered by more than a hundred surface appendages, which exhibit an 

extraordinary architecture (Moissl et al., 2005). The barbed-wire filaments had a length of 

~1-3 µm and carried so-called prickles (length: 30 nm) sticking out in regular intervals (46 

nm) with a tripartite, grappling hook (diameter: 60 nm) at its distal end. The hook region was 

responsible for the name assignment of the unique filaments: hami (sing. hamus; Latin for 

anchor, hook). Tomographic reconstructions suggested a helical, twisted structure, which 

was confirmed by Fourier filtering. Further observation pictured a detailed view on the 

composition of one filament: the helical filament was thicker than the prickle region in 
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diameter (7-8 nm vs. 4.6 nm, respectively). Each filament is divided into three proto-

filaments. The architecture of the hami is shown in Figure II.2-4. 

 

Figure II.2-4 Each SM1 Euryarchaeal cell is surrounded by numerous cell surface appendages, referred to as 
“hami” (Moissl et al., 2005; A). The hami carry a tripartite, grappling hook at the distal end (Moissl et al., 2005; 
B), the filaments are reminiscent of barbed-wires with prickles sticking out in regular intervals (Moissl et al., 
2005; Probst and Moissl-Eichinger, 2015; C). Based on microscopic investigations, a hamus model was created 
(Probst and Moissl-Eichinger, 2015; D). 
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The hamus structure was described to be unique in nature; however, marginal structural 

similarities were drawn with actin filaments (Milligan et al., 1990; Holmes et al., 2003; Moissl 

et al., 2005). The hami filaments exhibit a well-defined top-to-bottom organisation, which 

speculates a complex assembly involving a vast variety of proteins similar to eukaryotic actin 

filaments (Pollard, 2007).  

Interestingly, denaturing SDS-PAGE and immunological experiments revealed that the proto-

filaments were composed of one major protein subunit with a molecular weight of 120 kDa 

without sequence homologies to any deposited proteins sequences in databases (Moissl et 

al., 2005).  

These experiments revealed a rather simple assembly design, which applies to findings on 

archaeal flagella filaments. Archaeal flagella systems are composed of less than 13 different 

proteins (Thomas et al., 2001). The archaeal flagella filament is composed of one to several 

proteins with no homologues to eukaryotic or bacterial flagellar proteins, suggesting a 

convergent evolution (Cohen-Krausz and Trachtenberg, 2002). In fact, the archaeal flagella 

synthesis is similar to synthesis of bacterial type IV pili (Albers et al., 2006; Trachtenberg and 

Cohen-Krausz, 2006; Jarrell and McBride, 2008; Ng et al., 2008). 

Up to this day, nothing was known about the hami assembly process and anchoring system, 

which was speculated to be complex (Moissl et al., 2005), but requires further investigation. 

The stability of hami filaments was remarkable in both a wide pH and temperature range: 

The filaments kept their three dimensional characteristic structure up to 70°C and in a pH 

range of 0.5 to 11.5 (Moissl et al., 2005). This finding was surprising, since the host thrives in 

a pH neutral and cold environment.  

The stable filaments most likely function as a spacer and mediate the highly ordered cell-

pattern within the biofilm. The hooks serve as attachments with strong adhesive forces 

between the cells and might even trap various organic and inorganic materials in their 

natural biotope (Moissl et al., 2005; Moissl-Eichinger et al., 2012a). 

In summary, the extraordinary hami filaments show unusual traits. They are (i) complex in 

structure maintaining a barbed-wire region and a hook region, (ii) composed of one major, 

high molecular weight protein species (iii) highly stable within a wide pH and temperature 

range, and (iv) acting as spacer between the cells in the biofilm. The mentioned properties of 
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hami filaments suggest that they are excellent tools for nanobiotechnology (Moissl et al., 

2005; Moissl-Eichinger et al., 2012a). As the natural host is resisting any cultivation efforts so 

far, a heterologous hami host expression system was considered. However, the hamus 

encoding gene was merely partly elucidated and its full length needed to be uncovered 

(Moissl, 2005).  

The SM1 Euryarchaeon possesses unusual cell surface appendages. Its ultrastructure might 

even exhibit more extraordinary traits, which remained hidden so far and awaits further 

examination.  

3. The era of astrobiology  

“Everything is everywhere, but the environment selects” 3 

Astrobiology is the study of the origin, evolution, and distribution of life in the entire 

Universe. It addresses the question whether life exists/ existed beyond Earth and how it can 

be detected. In recent years, tremendous technical progress enabled mankind to explore 

and study extra-terrestrial settings such as the moon (in manned explorations) and Mars (in 

unmanned explorations using numerous orbiters and rovers). Mars is supposed to be the 

most promising planet for extant and extinct life in our Solar System, and thus attracts the 

interest for future missions (next to icy moons). Mars rovers like Mars Science Laboratory 

(better known as “Curiosity rover”) and orbiters detected frequent outbursts of methane gas 

on the Martian surface (Formisano et al., 2004; Geminale et al., 2008; Fonti and Marzo, 

2010; Geminale et al., 2011; Webster et al., 2015). These outbreaks arise spontaneously and 

are speculated to emerge from subsurface aquifers, where methane has previously been 

locked, or where basalt is serpentinised. However, the methane might also have a biogenic 

source. On Earth, the atmospheric methane is primarily produced by methanogenic 

microorganisms and for this reason there is hope to detect life on Mars (Atreya et al., 2007). 

Several rovers and orbiters deliver valuable information on the Mars, but future, long-term 

missions to Mars aspire to search for life by human beings. The travel to Mars itself will take 

place in confined space shuttles and lasts for several months. The mission requires extensive 

preparation and a microbiological-safe work place has to be provided. This scenario is 

already trained using the International Space station (ISS). 
                                                           
3
 Lourens Baas Beckings 
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In 1998, the first component of the ISS launched into the low Earth orbit and set another 

milestone for human space flight. At the present time, it consists of several modules 

organized by five space agencies, namely National Aeronautics and Space Administration 

(NASA; USA), European Space Agency (ESA; Europe), Russian Federal Space Agency 

(Roscosmos; Russia), Canadian Space Agency (CSA; Canada), and Japanese Aerospace 

Exploration Agency (JAXA; Japan). The spacecraft provides the platform for several scientific 

experiments on astrobiology, astronomy, physical science, material science, space weather 

meteorology and human research including space life and medicine.  

The ISS represents a completely sealed, confined (meaning restricted to a defined number of 

parameters) man-made environment. It is characterised by extreme parameters such as 

higher radiation levels compared with Earth settings, low nutrient levels due to reduced 

exchange with the environment and microgravity. In addition, the indoor-environment is 

characterised by a stable, constant temperature (~22°C) and humidity (~60%; Coil et al., 

2016). Since 2000, the ISS has been inhabited by humans – being accompanied by millions of 

microorganisms (the human body carries up to 4x1013 microbial cells; Sender et al., 2016). 

The monitoring and control of the ISS microbiome is of uttermost interest as some species 

may impose a life-threatening hazard to the inhabiting crew. It has been shown that the 

increased microgravity and (presumably) starvation conditions about 400 km above ground 

as experienced onboard the ISS lead to an enhanced pathogenicity of Salmonella 

typhimurium (Wilson et al., 2007; Zea et al., 2016). Not only may the crew be affected, but 

the spacecraft is also endangered. Technophilic microorganisms (in particular fungi) were 

already responsible for major problems in the Russian space station (Mir) corroding alloys 

and polymers (Novikova et al., 2001; Novikova, 2004; Alekhova et al., 2005). Consequently, 

the cleaning procedure onboard the ISS is very strict including periodical disinfection 

procedures and air/subsurface controls, which check for microbial and fungal 

contaminations. The vast investigation on the bacterial community onboard the ISS revealed 

that they were human-associated (Venkateswaran et al., 2014).  

Respective ground controls on Earth, cleanrooms, where the spacecraft hardware is 

assembled, are reflecting the same image. Cleanrooms are highly controlled, and defined 

environments and are used to build hardware designated to leave Earth. In the course of the 

planetary protection regulations, the microbial contamination of hardware has to be 
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controlled and kept to a minimum (Kminek and Rummel, 2015). Assays include the 

assessment of viable cells (Vaishampayan et al., 2013), spores and the total microbial 

bioburden by combining standard cultivation techniques (Stieglmeier et al., 2009) with 

molecular methods (e.g. qPCR, cloning and Next Generation Sequencing; La Duc et al., 2003; 

La Duc et al., 2004; Bashir et al., 2016). The assessment of viable cells is conducted by the 

use of the chemical compound propidium monoazide (PMA). PMA masks free DNA, which is 

most likely derived from dead cells in subsequent PCR reactions (Nocker et al., 2007), while 

DNA originating from viable cells is protected by the intact cell wall. The main proportion of 

detected microorganisms was uncovered to be human-associated (Moissl et al., 2007; Bashir 

et al., 2016), which is in accordance with the microbial population detected on the ISS 

(Checinska et al., 2015). However, these microorganisms are considered to be very hardy 

and adapt very well to the harsh conditions prevalent in cleanrooms and the ISS.  

Possible adaptation of microorganisms towards space stresses are addressed within an flight 

project originally named “ARBEX” (Archaeal and Bacterial Extremophiles on board the ISS; 

now “EXTREMOPHILES”; Moissl-Eichinger et al., 2016a) and focuses on the investigation of 

adaptation processes of moderate and extremotolerant microorganisms onboard the ISS. 

Studies on the ISS provide important knowledge to future crewed space missions to Mars. So 

far, no human being has reached Mars, and it still requires rovers and orbiters equipped with 

technologies to search for Martian life signatures. The most recent project was the ExoMars 

mission a program of ESA and Roscosmos (Montroni et al., 2016). The Trace Gas Orbiter 

(TGO) already reached the Martian orbit and collects atmospheric data. The landing 

demonstrator Schiaparelli reached the Martian surface, however, unfortunately could not 

demonstrate a successful landing and crashed on the Martian surface at 300 km/h (Clery, 

2016). In 2020, the next ExoMars mission will be equipped with hardware enabling the 

search for signatures of life on the Martian surface and in its subsurface by drilling 

experiments. In the course of planning this project, two main questions arise: 

 

 Do we expect Earth-derived life (contamination), which is brought along with the 

hardware?  
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Forward contamination is a main issue in planetary protection. Forward contamination means the transfer 
of microbes to other planets (e.g. the Mars). The microbial hitchhikers would interfere with life-detection 
procedures and cause false positive signals in life-detection measurements. For this reason, possible 
contamination, in particular on life-detection systems must be kept to a minimum. 

 How does possible Martian life look like?  

No one knows what lifeforms we are facing on Mars. Consequently, we have to sustain and draw our 
knowledge on lifeforms we are also facing in Mars-like settings on Earth. Based on this, it is possible to 
develop life-detection systems, which can search purposefully for Martian life. 

 

The first question can be addressed by assessing the microbial communities, which are in 

contact with any hardware designated to be sent to Mars. In addition, an uttermost care of 

decontamination is carried out to minimize this undesired scenario.  

The second question is more challenging. All speculations are based on the assumption that 

Mars provides or rather has provided prerequisites for the origin and persisting of life. 

The appearance of Mars underwent a dramatic change throughout the last billions of years 

and it has to be emphasised that the conditions of Early Mars and Present Mars are highly 

dissimilar and have to be regarded individually. 

Today, Mars is a cold, desert world. The globally averaged atmospheric pressure at the 

surface was measured to be about 7 mBar and is consequently extreme thin. Hence, the 

temperature is only slightly above the freezing point of water near the equator during the 

warmest part of the day and does not allow water to stay permanently in its liquid form (Liu 

et al., 2003). In fact, a high amount of water is supposed to be present on Mars, however, 

due to the inappropriate conditions, water remains in ice-rich permafrost and is not 

accessible (Séjourné et al., 2012). 

Yet, the climate on Mars may not always have been as extreme as it is today and might once 

have supported the origin of life. In the Noachian period (~4.1–3.7 Ga ago; Bibring et al., 

2006; Carr and Head, 2010) the atmosphere of Mars was expected to be significantly denser 

and consisted primarily of carbon dioxide, admixed with methane, sulphur gases, and only 

traces of oxygen. The dense atmosphere might have resulted in increased Greenhouse 

warming leading to stable, warm temperatures above the freezing point (Jakosky and 

Phillips, 2001). This may have permitted the common and stable occurrence of liquid water 

at the surface such as large oceans in the Northern hemisphere and lakes within crater 
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regions (Ruiz et al., 2004; Perron et al., 2007; Hiesinger and Head Iii, 2002; Carr and Head, 

2010). Liquid water is an essential prerequisite for the emerging of any lifeforms and 

habitability (Grotzinger et al., 2014; Brack, 2002). Other criteria for habitable conditions are: 

Access to energy sources (Nisbet et al., 2007; Southam et al., 2015), organic carbon and 

biologically essential elements (Cockell et al., 2016a). Energy sources are commonly 

delivered in the form of thermodynamic disequilibria between chemical species in close 

proximity (Westall et al., 2011). Carbon on Mars is likely to originate from meteorites and 

comets (Duprat et al., 2010), which impacted the planet in a regular manner and in 

hydrothermal systems such as Martian volcanic environments (Martin and Russell, 2007; 

Hofmann and Bolhar, 2007). Volcanic rocks simultaneously provide the source for essential 

elements (H,N,O,P,S) and trace minerals (Nisbet et al., 2007). This scenario has already been 

observed for subaqueous volcanic sediments of similar shaped Early Earth (Westall et al., 

2011). The sediments contained essential elements and energy sources and represented 

appropriate biotopes for heterotrophic microorganisms (Furnes et al., 2004; Nisbet et al., 

2007; Westall, 2009; Southam et al., 2015). Thus, the Early Mars fulfilled all criteria 

necessary for a habitable planet. The geochemical settings on Early Mars are described to 

range from (i) acidic conditions (for instance indicated by the presence of jarosite in Burns 

formation at Meridiani Planum; Squyres and Knoll, 2005; Bibring et al., 2006; Knoll and 

Grotzinger, 2006), to (ii) pH neutral aquifers with low salinity and variable redox stages of 

iron, phosphor and sulphur (for instance the Fluvio-Lacustrine Environment at Yellowknife 

Bay, Gale Crater; Bristow and Milliken, 2011; McLennan et al., 2014; Grotzinger et al., 2014).  

These data show that Early Mars appears to have hosted localized environments that would 

have been compatible with the requirements of primitive terrestrial life (Grotzinger et al., 

2014). However, life may not have been persisted throughout the change into a hygroscopic 

planet. In this scenario, we expect to find preserved fossilised microorganisms on present 

Mars (Friedmann, 1986; Hofmann et al., 1997). Another scenario represents life, which has 

adapted to a very low water activity and three different possibilities are supposed:  

a) It is speculated that the evolution of life might have been formed in hygroscopic 

surfaces by obtaining water solely from the atmosphere (Davila and Schulze-Makuch, 

2016). The speculations are based on a similar setting on Present Earth: The Atacama 

Desert, which is considered to be the driest region on Earth. Within the desert an 
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amazing diversity of microorganisms adapted to desiccation, high radiation and high 

salinity reside on the surface (e.g. the Terrabacteria, which include Cyanobacteria, 

Chloroflexi and Deinoccus-Thermus members). Considering the capacity of terrestrial 

microorganisms to adapt to arid conditions, Early Martian life could have adapted 

and evolved throughout the transformation of Mars. 

b) Recently delivered data describe occasionally occurring last remnants of narrow, up 

to ~5 meter in diameter, liquid water streamlets (recurring slope lineae, RSL; Chevrier 

and Rivera‐Valentin, 2012; Ojha et al., 2014; Ojha et al., 2015). The RSLs are 

restricted to small scale flow features and appear mostly during the Martian spring 

and summer, which suggests a melting result of frozen liquid solution. The large 

amounts of sedimentary salts lead to high salinity conditions within the RSL and thus, 

they are reflected as brines (Wang et al., 2006; Chevrier and Melchiorri, 2016). 

Similar brines on Earth host halophilic microorganisms, which demonstrates their 

habitability (Leuko et al., 2010). 

c) Permafrost settings on Mars might enclose life in a metabolically very slow state as in 

similar settings, which have been investigated on Earth (Soina and Vorobyova, 1996). 

 

Life might still exist on Mars in a cryptobiotic state and bloom whenever water becomes 

available. Eventually, settings on Early and Present Mars are considered as potentially 

habitable and thus, there is a possibility of extant/extinct life. The search for Martian life is 

supported by model organisms, which thrive in terrestrial Mars-analogue environments. 

Terrestrial extreme, harsh environments host model organisms, which are widely adapted to 

withstand the challenging circumstances. A range of Mars-like environments were studied 

from the aforementioned Atacama Desert to permafrost settings and caves (Fernández-

Remolar et al., 2008). However, in the body of literature, one main Martian feature is widely 

ignored: The atmospheric oxygen abundance is ~10-5 times less than the present 

atmospheric levels on Earth (Franchi et al., 1999; Mahaffy et al., 2013). Earth is not exposed 

to comparable harsh physical and chemical conditions (i.e. high radiation dose, high amount 

of perchlorates) as experienced on Mars. Still, terrestrial model conditions must be at least 

very close to Martian conditions. Anaerobic analogue settings must include at least a few of 

physical extremes such as high acidity, high salinity, low temperature, and low nutrient 

availability, however, not necessarily all at once. Studies on anoxic, extreme Mars-like 
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settings are rare, and there is no systematic attempt to cultivate and study microorganisms 

from a diverse set of anaerobic Mars-analogue environments. In particular, the examination 

of cultivated microorganisms on physiological capabilities and reactions to simulated Mars-

similar stresses (e.g. high radiation and desiccation) delivers valuable information on their 

resistances. Moreover, the microbial diversity has to be assessed with molecular techniques 

such as NGS to obtain a broad picture of the overall community and eventually identify novel 

model organisms for astrobiology. This will advance the knowledge of possible life in Mars-

analogue conditions. 

The MASE (Mars Analogues for Space Exploration; http://mase-eu.org/4) project is a 

collaborative research project with more than 20 members from 7 different European 

countries. It was kicked-off in the beginning of 2014 with the major aim to fill in knowledge 

gaps upon anaerobic, Mars similar microorganisms. The work plan aimed to cover the 

following main points: 

a) Sampling of anoxic, Mars-like settings and development of a standard operation 

protocol for anoxic sampling  

b) Anaerobic cultivation of microorganisms using a designated standard medium and 

providing the resulting anaerobic culture collection to the scientific community 

c) Assessing and describing the overall microbial community using molecular methods  

d) Study the response of cultivated isolates to combined environmental stressors also 

experienced on Mars  

e) Artificial fossilisation of selected microorganisms (stressed and unstressed 

counterparts) and assess the potential of their preservation 

f) Development of biosignature detection techniques based on fossilised and 

unfossilised microorganisms 

 

The tasks of the MASE project are divided and every member is allocated certain 

responsibilities. This dissertation covers the microbiological part (points a-c, see above), 

however, everyone in the team contributed to all work packages. The outcome of this 

                                                           
4
 also social outreach projects such as facebook and twitter are available (https://twitter.com/MarsAnalogues, 

https://www.facebook.com/MASE-371726352989521)  

https://twitter.com/MarsAnalogues
https://www.facebook.com/MASE-371726352989521
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dissertation will help to provide knowledge on extreme, Mars-like life – an essential 

prerequisite for detecting extraterrestrial life.  

4. Scope and publication guide 

The scope of this thesis was to investigate extreme environment, namely the International 

Space Station (in the frame of the ESA flight EXTREMOPHILES project) and Mars-like 

environments within the frame of the MASE project upon their microbial community using 

cultivation-independent and cultivation-based techniques. One extreme setting, also 

involved in the MASE project, namely the sulphidic springs, hosts an extraordinary archaeon 

with exceptional traits (e.g. unusual lifestyles, and ultrastructure) – the SM1 Euryarchaeon. 

The uncultivated archaeal cells were thoroughly investigated upon ultrastructure. The 

following paragraphs provide the guidance for the respective publications, where major 

findings are presented and discussed in detail. 

Elucidating the grappling ultrastructure of the SM1 Euryarchaeon 

The SM1 Euryarchaeon has attracted the interest of researchers for more than a decade. 

Although thoroughly studied, not all knowledge gaps on the ultrastructure are filled. The 

publication “Grappling Archaea: ultrastructural analyses of an uncultivated, cold-loving 

archaeon and its biofilm” reports on the microbial interaction within the biofilm and 

ultrastructure using electronic microscopy. The results confirmed previous findings (Probst 

et al., 2014a) which evidenced a divergence in the biofilms of the two biotopes. Moreover, it 

was shown that the SM1 Euryarchaeon exhibits a double membrane, a rarity in the archaeal 

domain. This observation was confirmed in another study carried out in the frame of this 

thesis (Probst et al., 2014b).  

Notwithstanding this archaeon being uncultivable in the laboratory, a thorough study based 

on the ultrastructure and genetic features of the “hami” structures was feasible and the 

results are described in detail in “S-layers at a second glance? Altiarchaeal grappling hooks 

(hami) resemble archaeal S-layer proteins in structure and sequence”. The full length of the 

hami-encoding gene was obtained and the N-terminus region revealed a high similarity to S-

layer proteins. The results expand the knowledge on archaeal cell surface appendages and 

their evolution. 

The outlasting microbiome of the International Space Station 
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Another extreme environment is represented onboard the International Space Stations. The 

microbial investigation is important as well for future space missions. Long-term stored dust 

samples deriving from the Russian modules were investigated upon their microbial diversity 

using cultivation combined with NGS. For the first time, signatures of Archaea were 

detected; however their viability remains be confirmed. Cultivation revealed an outlasting 

microbiome equipped with various, unexpected resistances. A comparison with the 

microbial community of the US-module manifest a different composition, however, both 

harbour a substantial part of human-associated signatures. The results are presented in the 

publication “Resilient microorganisms in dust samples of the International Space Station – 

Survival of the adaptation specialists.”  

The MASE project: Expanding the knowledge on extraterrestrial life 

The body of literature contains solid knowledge on terrestrial Mars-like life, however lacks 

substantial information on the anaerobic proportion of microorganisms thereof. In the 

frame of the MASE project, we assessed the microbial diversity of (Present and/or Early) 

Mars-similar environments. Again, cultivation and cultivation-independent methods were 

combined and delivered impacts for extraterrestrial life. The findings are presented in “Mars 

exploration begins on Earth: Systematic comparison of the anaerobic, intact and cultivable 

microbiome of extreme, anoxic Mars-analogue, environments”. Studies, which were carried 

out along the MASE project contained stress tests upon selected MASE organisms, 

fossilisation thereof, physiochemical description of sampling sites, and a detailed description 

of the MASE sampling procedure (Beblo-Vranesevic et al., 2016; Cockell et al., 2016b; 

Gaboyer et al., 2016). Taken together, they merge to a detailed picture on potential Mars-

similar life.  
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III. Manuscripts and publications 
 

Overview 

This cumulative dissertation contains four articles. Three manuscripts were already 

published, and one has been submitted to Nature communications. In any case, the PhD 

candidate, Alexandra K. Perras, has authored every manuscript printed in the following as a 

first author.  

Concerning the data structure on the supporting CD the reader is referred to Chapter VII. 

The PhD student’s contributions to the manuscripts are as follows: 

III-1. Perras AK, Wanner G et al., (2014): Alexandra performed sample processing, 

contributed to transmission electron microscope imaging and wrote the paper. The 

manuscript and supporting information can be found on the supporting CD (./Selected 

publications/*03*).  

III-2. Perras AK et al., (2015): Alexandra performed experiments, analysed data and wrote 

the paper. The manuscript and supporting information can be found on the supporting CD 

(./Selected publications/*04*). 

III-3. Mora M, Perras AK et al., (2016): Alexandra performed bioinformatics, biostatistics and 

wrote the paper. The manuscript and supporting information can be found on the 

supporting CD (./Selected publications/*06*). 

III-4. Perras et al., submitted (2016): Alexandra planned the study, participated during 

sampling trips, performed experiments, bioinformatics and wrote the manuscript. The 

manuscript and supporting information can be found on the supporting CD (./Selected 

publications/*08*). 

 

A full list of publications, authored by the PhD candidate, is listed on pages 8 and 9. The 

articles (published and submitted) are individually provided on the supplementary CD. 
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Abstract 

Similarly to Bacteria, Archaea are microorganisms that interact with their surrounding 
environment in a versatile manner. To date, interactions based on cellular structure and 
surface appendages have mainly been documented using model systems of cultivable 
archaea under laboratory conditions. Here, we report on the microbial interactions and 
ultrastructural features of the uncultivated SM1 Euryarchaeon, which is highly dominant in 
its biotope. Therefore, biofilm samples taken from the Sippenauer Moor, Germany, were 
investigated via transmission electron microscopy (TEM; negative staining, thin-sectioning) 
and scanning electron microscopy (SEM) in order to elucidate the fine structures of the 
microbial cells and the biofilm itself. The biofilm consisted of small archaeal cocci (0.6 μm 
diameter), arranged in a regular pattern (1.0–2.0 μm distance from cell to cell), whereas 
each archaeon was connected to 6 other archaea on average. Extracellular polymeric 
substances (EPS) were limited to the close vicinity of the archaeal cells, and specific cell 
surface appendages (hami; Moissl et al., 2005) protruded beyond the EPS matrix enabling 
microbial interaction by cell-cell contacts among the archaea and between archaea and 
bacteria. All analysed hami revealed their previously described architecture of nano-
grappling hooks and barb-wire basal structures. Considering the archaeal cell walls, the SM1 
Euryarchaea exhibited a double-membrane, which has rarely been reported for members of 
this phylogenetic domain. Based on these findings, the current generalized picture on 
archaeal cell walls needs to be revisited, as archaeal cell structures are more complex and 
sophisticated than previously assumed, particularly when looking into the uncultivated 
majority. 

Keywords: Archaea, Biofilm, Ultrastructure, Hami, EPS, SEM, TEM, Microbial interaction 

 

Introduction 

Understanding the microbial “dark matter” has become one of the driving desires of the 
scientific community (Rinke et al., 2013). In particular, deep-branching, uncultivated archaea 
have attracted the interest, being largely unexplored but widespread and likely major drivers 
of the nutrient cycles in various ecosystems (Cavicchioli et al., 2007). Systems that allow 
unbiased and direct analyses of uncultivated microorganisms on microscopic and 
macroscopic levels due to one organism's predominance are extremely rare. However, such 
systems are of utmost importance to understand the functioning of microorganisms in the 
environment, their natural cellular composition, their actual metabolic activity and their 
interactions with the abiotic and biotic environment (Morris et al., 2013). 

The majority of microorganisms remain uncultivable using standard methods (Amann et al., 
1995; Joseph et al., 2003). The unsatisfying success in this regard might be rooted in the 
interwoven interactivity of microorganisms in their natural biotope, such as natural 
ecosystems, or macrobes, such as plants or the human body. The human body itself is 
colonized by 10–100 times more microbial cells than own cells (Schleifer, 2004). Analyzing 
the (human) microbiome has become a major scientific focus, benefitting from state-of-the-
art, cultivation-independent methods which include next generation sequencing of 16S rRNA 
genes and –OMICS technologies (Zhang et al., 2010). Altogether, these methods allow first 
glances at the diversity and function of an entire microbial community, which interacts 
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closely with its host, forming a “superorganism”: the holobiont (Margulis and Margulis, 
1993; Rohwer et al., 2002). It is assumed, that the cooperation of host and microbes 
represents a unit of selection in evolution and changes in composition and function have 
severe impact on further development or even next host generations (Zilber-Rosenberg and 
Rosenberg, 2008). As a consequence, evolution appears to be a coordinated process of 
entire (microbial) communities, which need to be scientifically addressed as a whole. 

The effects of microbial interactions for the different partners can vary. In symbiotic 
relationships all partners benefit, whereas commensal interaction is beneficial for one 
partner and not harmful for the other. Parasites, however, strongly affect the fitness of one 
partner (Moissl-Eichinger and Huber, 2011). A well-documented model system of a bacterial 
symbiotic interaction is “Chlorochromatium aggregatum”, a clearly structured consortium of 
immobile green sulfur bacteria epibionts and a motile beta-proteobacterium (Müller and 
Overmann, 2011). This association provides mobility to the epibionts and, in exchange, 
amino acids and 2-oxoglutarate to the inner partner. Detailed ultrastructural analyses 
revealed that hair-like filaments protrude from the epibionts and directly interconnect with 
the central bacterium. The latter connects with the epibionts via periplasmic tubes, which 
attach to the epibiont's outer membrane (Wanner et al., 2008). 

In general, structural analyses of syntrophic and interactive consortia and communities that 
include an archaeal partner have rarely been reported, and information on the structure of 
natural archaeal populations in the literature is scarce. A likely syntrophic interaction 
between two hyperthermophilic archaea was artificially established under laboratory 
conditions: during co-culture conditions, Pyrococcus furiosus attaches to Methanopyrus 
kandleri forming an unusual bi-species biofilm on provided surfaces (“fried-egg colonies”; 
Schopf et al., 2008). The contact between the two types of archaeal cells is mediated by 
flagella and possibly by extracellular polymeric substances (EPS). One example for a natural 
and uncultivated archaeal-archaeal interactive community is the ARMAN (archaeal 
Richmond Mine acidophilic nanoorganisms) system, where the ARMAN cells interact closely 
with Thermoplasmatales cells leading to a potential nutrient or molecule exchange (Comolli 
et al., 2009; Baker et al., 2010; see also article in this issue). 

A model system for archaeal interspecies relationships is represented by the “intimate 
association” of Ignicoccus hospitalis and its partner Nanoarchaeum equitans (Huber et al., 
2002; Jahn et al., 2008). The relationship is based on the attachment of N. equitans to the 
outer cellular membrane (OCM) of I. hospitalis (Jahn et al., 2004). It has been shown that this 
obligate dependence on I. hospitalis is a consequence of the transfer of membrane lipids, 
amino acids and probably even ATP from I. hospitalis to N. equitans (Huber et al., 2012). 
Other investigations gave evidence for the lateral transfer of genetic material in both 
directions, during the co-evolution of these two archaeal cells (Podar et al., 2008). While I. 
hospitalis is able to grow in pure culture, N. equitans still resists cultivation without its host. 
This system can be maintained in the laboratory, and since one of the microorganisms is 
strictly dependent on the other, it actually reflects the interaction of two archaea in the 
natural biotope, where both species thrive. 

Moreover, interactive microbial communities of Bacteria and Archaea are known, such as 
the anaerobic methane oxidizing (AMO) consortia, consisting of anaerobic, methanotrophic 
archaea (ANME) in loose association with sulfate reducing bacteria (SRB) of the 
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Desulfococcus/Desulfosarcina group (Hoehler et al., 1994; Elvert et al., 1999; Hinrichs et al., 
1999; Thiel et al., 1999). 

Another bacterial/archaeal consortium was detected in the sulphidic springs of the 
Sippenauer Moor (SM), a cold (~10°C) swamp area, located in the southeast of Germany. 
Coccoid archaea, designated as “SM1 Euryarchaeon”, were found to be the major 
constituents of macroscopically visible whitish pearls, floating in the surface waters of the 
springs. The outer sheath of these pearls is formed by a sulfur-oxidizing, filamentous 
bacterial partner (Thiothrix sp.; Rudolph et al., 2001; Moissl et al., 2002). The pearls are 
connected by thin threads, exclusively formed by Thiothrix sp. (Moissl et al., 2002), giving the 
microbial community a “string-of-pearls” like appearance. The SM1 Euryarchaeon was also 
detected in another, distinct sulphidic setting, the Mühlbacher Schwefelquelle (MSI; nearby 
Regensburg, Germany), where the string-of-pearls community (SOPC) can be found in a 
similar microbial composition (Rudolph et al., 2004b). 

Interestingly, subsequent studies revealed that the MSI-SM1 Euryarchaeon seeks the vicinity 
to sulphide-oxidisers only in (oxygenated) surface waters, whereas in the deeper, anaerobic 
subsurface it grows as an almost pure biofilm (Henneberger et al., 2006). Within the biofilm, 
the MSI-SM1 Euryarchaeon predominates a minor bacterial community, which is mostly 
composed of sulfate-reducing bacteria (Henneberger et al., 2006; Probst et al., 2013b). Since 
the SM1 Euryarchaeon remains uncultured under laboratory conditions, many features, 
including its metabolic capability, are yet to be fully understood. The archaeal biofilms are 
transported with the water flow from the subsurface to the spring outflow, where biomass 
can be harvested in sufficient quantities for further analyses (Henneberger et al., 2006; 
Probst et al., 2013b). Similar biofilms, mainly consisting of coccoid SM1 Euryarchaeota and a 
minor fraction of bacteria, were also observed in upwelling, anoxic waters of the SM 
(Henneberger et al., 2006). 

The SM1 Euryarchaeon has revealed extraordinary properties, clearly distinguishing it from 
the archaeal strains characterised in the literature. Firstly, the SM1 Euryarchaeon is one of a 
few reported archaea capable of biofilm formation in its natural biotope. Additionally, it is 
the only archaeon known to clearly dominate a low-temperature biotope: the literature 
suggests that ecosystems are either dominated by bacteria or mixtures of diverse archaea 
(Schrenk et al., 2003; Schrenk et al., 2004; Koch et al., 2006; Webster and Negri, 2006; 
Weidler et al., 2008; Briggs et al., 2011; Couradeau et al., 2011; Ionescu et al., 2012). The 
appearance of the SM1 Euryarchaeon in a variety of ecosystems (Rudolph et al., 2004b) and 
in extremely high density (as almost pure biofilms, “hot spots”) suggests an important role in 
the subsurface with a vast impact on local biogeochemistry. Thirdly, the SM1 Euryarchaeon 
carries a novel type of cell surface appendages. Being as thin as pili, these appendages (up to 
4 μm long) exhibit barb-wire like prickles (which might function as distance holders in the 
biofilm) and small nano-hooks at their distal end. These structures were described as “hami” 
(latin for anchors, hooks; Moissl et al., 2005). So far no comparable microbial or artificial 
similar structures of similar size have been described. These unique properties of the SM1 
Euryarchaeon biofilm have made the ecosystems, the microbial assemblages, and the 
archaeon itself a model system for studying cold-loving archaea in a natural biotope. 

The SM1 euryarchaeal biofilms from the two biotopes SM and MSI were compared in a very 
recent study via genetic and chemical microbiome profiling, which revealed that both 
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biofilms are different in their bacterial composition and are thus unlikely to originate from 
one single biotope in the subsurface. The archaea of both biofilms were initially judged to be 
identical - based on an identical 16S rRNA gene of both populations. However, the SM and 
MSI cells were different in size, showed strong variations in membrane lipid composition and 
in their genomic information, and revealed also minor differences in ultrastructure (EPS and 
hami). Thus, we concluded that the two biofilms are dominated by the same archaeal 
species, but by two different strains thereof (Probst et al., 2014a). 

Based on this finding, a deeper ultrastructural investigation of the SM population became 
warranted, which was conducted in this study. Here, we provide novel insights into the 
multifarious aspects of the SM1 Euryarchaeon lifestyle from structural biofilm organization 
and the interactions with the bacterial and archaeal neighbors via its unique cell surface 
appendages to cell wall architecture. 

Material and methods 

Sampling and sample processing. Samples for ultrastructural analyses were taken in a cold 
sulphidic spring in close vicinity to Regensburg, Germany (SM; Rudolph et al., 2001; Rudolph 
et al., 2004b). Archaeal biofilms were harvested from raw-meshed nets, placed right within 
the spring outflow (Henneberger et al., 2006). The samples were collected using sterile 
syringes and transported on ice to the laboratory. 

Ultrastructural analyis. Freshly taken biofilms were fixed in original spring water including 
0.1% glutardialdehyde (w/v). Scanning electron microscopy was carried out as described 
elsewhere (Probst et al., 2014a). Samples were examined using a Zeiss Auriga scanning 
electron microscope operated at 1–2 kV. For TEM, the sample preparation and procedure is 
described in Probst et al., 2014b. Samples were examined using a CM12 transmission 
electron microscope (FEI Co., Eindhoven, The Netherlands) operated at 120 kV. All images 
were digitally recorded using a slow-scan charge-coupled device camera that was connected 
to a computer with TVIPS software (TVIPS GmbH, Gauting, Germany). 

 

Results 

The SM1 euryarchaeon forms a biofilm with EPS and cell surface appendages. The SM SM1 
Euryarchaeon forms a biofilm, which is dominated by a single species. Macroscopically, the 
biofilm droplets (diameter up to 2 cm) appear milky and viscous, and show strong 
attachment to various types of surfaces. Using different microscopy techniques, a 
homogenous cell-population was observed (e.g., Figure III.1-1A). The rare (less than 5%; 
Probst et al., 2014a), mostly unflagellated and unpiliated bacterial cells were embedded 
within the biofilms and morphologies ranged from short rods, spirilla and cocci to several 
μm-long filaments (Figures III.1-1B, C). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4122167/figure/F1/
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Figure III.1-1 Scanning electron micrographs of the SM biofilm. Overview, showing the homogenous archaeal population (small coccoid shaped cells; A,B) and large, spiral-
shaped bacterium (C). 
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Viruses were not detected in any of the preparations. The archaeal cells were visible as 
regular cocci, although many cells appeared to be actively dividing at the time point of 
sampling, with an oval morphology and a clear, central contraction (Figure III.1-2). The 
average cell diameter of non-dividing cells was determined to be about 0.6 μm (±0.1 μm), 
corresponding to a cell volume of 0.11 μm3 on average (Probst et al., 2014a). 

 

Figure III.1-2 Ultrathin section of one dividing SM1 coccus with a visible invagination. 

 

The archaeal cells were arranged in mostly regular distances [~1.0–2.0 μm, mean: 1.26 μm, 
standard deviation (SD): 0.5 μm], forming a spacious, penetrable, but strongly connected 
cell-to-cell network (Figures III.1-3A, B). Each cell within the biofilm was linked to 1–7 
(mostly 6) cells by a dense web of cell-cell contact threads (Figures III.1-3B and Figures III.1-
1A). These connections occasionally appeared like tubes or bars (not shown), caused by 
drying artifacts due to a high amount of EPS, often covering the fine structures. This EPS 
layer resulted in the smooth appearance of cell surfaces and their surface appendages 
(Figure III.1-3C).  
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Figure III.1-3 Transmission electron (A) and scanning electron (B,C) micrographs. (A,B) show intraspecies 
contact via the cell appendages (bars: A: 500 nm; B: 400 nm). (C) shows a single coccus embedded in a thick 
EPS layer. 

 

However, in different areas of the biofilm, where the EPS was thinner or absent, the fine-
structures of cell-cell connections (the hami Moissl et al., 2005) could be visualized in more 
detail (Figure III.1-4).  

 

Figure III.1-4 Scanning electron micrograph of the cell appendages: “hami” . Hami attaching to a 
filamentous bacterium (A) and close up view (B). 

 

The EPS was shown to form a ~400 nm wide matrix around the cells (Figure III.1-5).  
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Figure III.1-5 Overview transmission electron micrograph (negative staining) of a SM1 euryarchaeal cell 
embedded in the EPS layer. The architecture of the hami is shown in the close up views. 

 

The hami protruded beyond the EPS, still allowing the cells to contact other cells or abiotic 
surfaces (Figure III.1-6).  
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Figure III.1-6 Transmission electron micrograph (negative staining) of the SM1 euryarchaeal biofilm. 

 

In contrast to the regularly organized pattern between the archaeal cocci, bacteria did not 
have a certain distance to the archaea but were embedded in an irregular manner - they 
were either directly attached to an archaeal cell, located between several archaeal cells, or 
not attached to other cells at all (Figure III-1), leading to the assumption that the interacting 
hami, and not the EPS, are the driving force to maintain the archaeal biofilm structure with 
defined cell-cell distances.The interconnected coccoid archaea seemed to seek additional 
contact to bacterial cells (Figures III.1-7) via their hami. Noteworthy, some bacterial 
morphotypes (filament-forming rods) within the biofilm appeared to be cocooned by hami 
(Probst et al., 2014a; Figure III.1-7), whereas other bacteria (such as spirilla, Figure III.1-7B) 
were only sparsely contacted. 
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Figure III.1-7 Scanning electron micrograph. Archaeal cocci of the SM1 biofilm with numerous hami, cocooning 
bacterial filaments of varying diameter (A,B). 

 

The SM1 euryarchaeal cell appendages: the hami. All archaeal cells revealed the presence 
of hundreds of hami that protrude from their cell surfaces (Figures III.1-5, III.1-6, III.1-8A). All 
hami analysed (incl. TEM following negative-staining and unstained by cryo-TEM; Moissl et 
al., 2005) showed nano-grappling hooks at their distal ends (Figures III.1-5, III.1-8B). The 
hami architecture was clearly distinguishable in hook- and prickle-regions, where three 
prickles were formed in regular distances by the major filament (Figure III.1-8B). These 
prickles are shaped by local bending of the three basic proteinaceous fibers (Moissl et al., 
2005). The hooks were on average 60 nm in diameter (Figures III.1-5, III.1-8B) and were 
found to attach to the surfaces of other cells and to the prickle-regions or hooks of hami 
belonging to neighboring cells. The length of single hami was determined to be in the range 
of 0.4–3.7 μm, with an average length of 1.3 μm (SD: 0.6 μm). 

 

Figure III.1-8 Transmission electron micrograph (negative staining) of cell appendages (hami) protruding from a 
cell (A). The hamus architecture is distinguishable into a prickle region and a hook region (B) (Moissl et al., 
2005). 
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The SM1 euryarchaeal cell wall is composed of an inner and outer membrane. SM biofilm 
samples were subjected to thin sectioning in order to analyse their ultrastructure in more 
detail. The outer sheath was identified as an additional membrane (Figure III.1-9) and not, as 
often seen within the Archaea, as an S-layer. The SM1 euryarchaeal cell wall thus is 
composed of an inner membrane, periplasm, and an outer membrane. The inner and outer 
membranes revealed a typical structure (electron-dense, electron-lucent, electron-dense) 
and each showed an average thickness of 5–6 nm. The periplasm was determined to span 25 
nm on average. The periplasm did not include any particles or other larger conglomerates or 
vesicles, as analysed so far. Thin sections of cells further confirmed the presence of an EPS-
layer and the hami forming a dense network around the cells (Figure III.1-9).  

 

Figure III.1-9 Thin section of a single coccus, embedded in the biofilm matrix. The close-up view reveals the 
clearly visible cellular membrane (CM), the periplasmic space (PS) and the outer membrane (OM). 

 

Although the anchorage of the hami could not be resolved so far, these filaments seemed to 
span both membranes (Figure III.1-10).  
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Figure III.1-10 Thin section of a single, coccoid, SM1 euryarchaeal cell. The close-up view highlights several 
structures, possibly hami, which might cross both membranes. 

 

Within dividing cells, right at the central contraction site, belt-like structures were visible, 
suggesting protein aggregations involved in cell division machineries, such as FtsZ (Figure 
III.1-2). The cytoplasm appeared packed with ribosomes and dark regions, which could 
display the chromosome or the location of storage substances (Figure III.1-2). 
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Discussion 

The SM1 Euryarchaeon is a unique organism that shows many features not observed in 
other microorganisms. Its distinct position within the phylogenetic tree (Rudolph et al., 
2004b), the ability for biofilm-formation, and its predominance over associated bacteria, as 
well as the biofilms' origin in the subsurface of sulphidic springs warranted a detailed 
analysis of the ultrastructure. In this communication, we focused on the biofilms found in 
upwelling waters of sulphidic springs in the SM. Besides the discovery of the hami (Moissl et 
al., 2005), this current study provides the first detailed ultrastructural analyses of the SM 
biofilm population. Most of the knowledge about the SM1 euryarchaeal biofilms, however, 
was so far retrieved from the MSI environment (Henneberger et al., 2006; Probst et al., 
2013b; Probst et al., 2014a), including preliminary ultrastructural insights (Henneberger et 
al., 2006). 

The archaeal biofilm fine-structure appeared to be similar to described bacterial biofilm 
architecture (Sutherland, 2001), where the microbial cells are typically enclosed in a matrix 
of EPS (Costerton et al., 1995). Generally, this matrix is composed of DNA, proteins and 
polysaccharides and forms a slimy layer around the cells (Wingender et al., 1999). Data on 
the EPS composition of the SM SM1 biofilm are not available yet. DNA, however, was not 
detected in the highly hydrated MSI biofilm EPS, and the protein component was attributed 
to the presence of hami (Henneberger et al., 2006). Noteworthy, the amount of EPS was 
found to be variable: some cells were completely covered by EPS, whereas others were 
without detectable matrix. 

In the bacterial domain, biofilm-formation is highly common and can cause severe problems 
in, e.g., medical environments (Donlan, 2001) or industrial facilities (Mattila‐Sandholm and 
Wirtanen, 1992). On the other hand, biofilms are highly beneficial for food production or 
wastewater treatment (Park et al., 1990; Nicolella et al., 2000). EPS generally mediates the 
surface attachment, and forms a protection-shield against harmful chemical compounds 
(Bridier et al., 2011). Besides other important advantages, the biofilm matrix entraps 
excreted enzymes in close proximity to the cell (“external digestion system”; Flemming and 
Wingender, 2010). Water channels have been observed frequently in bacterial biofilms, 
which can support the distribution of nutrients and signal molecules, as well as the removal 
of inhibitory metabolic products (Costerton et al., 1994). The cells within the SM biofilms are 
organized in a strikingly regular pattern, in a spacious but strong and very sticky network, 
hinting at (1) a rapid flowing stream in its natural biotope in the subsurface, (2) the necessity 
of being attached to a surface, and (3) a requirement for a permanent water flow through 
the biofilm. Strikingly, compared to natural, non-medical bacterial biofilms, the purity and 
predominance of one species is extraordinary and was observed in both biofilms studied so 
far (Probst et al., 2014a). 

During the course of this analysis, numerous samples were taken from the sulphidic spring 
environment, transported under cool conditions and prepared for ultrastructural analyses as 
soon as possible. Due to the close vicinity of the two sampling sites to the Regensburg 
laboratory, transportation time was minimal (<1 h). However, due to the origin of the 
biofilms in the deeper subsurface of the sulphidic springs, which cannot be assessed at the 
moment, we have no information on the age or status of the biofilm pieces welled up with 
the spring water. In a previous study, the viability of the cells was found to be extraordinarily 
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high (up to 90%), and cells exhibited excellent FISH (fluorescence in situ hybridization) 
signals due to the high content of ribosomes (Moissl et al., 2003), which are indications for a 
physiologically healthy status of the archaeal cells. Although precautions were taken in order 
to avoid preparation artifacts, caused by sampling or subsequent preparation for electron 
microscopy, alterations and damages cannot completely be avoided. This could be overcome 
by an immediate, on-site freezing of the samples for, e.g., cryo-electron tomographical 
analyses. This technique would allow for the detailed study of the cell division machinery, 
the hami anchorage, and the two-membrane system itself and thus is a desirable goal for 
subsequent studies. 

All of the cells analysed by electron microscopy carried about 150 hami on their surface, with 
an average length of 1.3 μm. This is within to the reported length-range of pili found on the 
surface of Escherichia coli (1.0–2.0 μm; Russell and Orndorff, 1992), which usually carries 
100–300 pili (Neidhardt et al., 1990). Obviously the unique hami are well suited for the 
formation of such a biofilm, being responsible for cell-cell and cell-surface attachment. In 
addition, the hami, and in particular the prickle region, seem to facilitate the regular 
distance pattern, forming spacers between the cells (Moissl et al., 2005). Noteworthy, the 
SM biofilm cells were found to be significantly smaller than those of the MSI biofilms (0.60 
μm vs. 0.72 μm; Probst et al., 2014a). Based on SEM. the distances of SM cells to each other 
were 1.3 μm (on average), which is in strong contrast to confocal laser scanning microscopy 
data from the MSI population (4 μm distance). Currently it is unknown, whether this 
difference is based on strain-specific properties, or on method-specific preparation. 

At this point of research, additional function(s) of the hami, besides attachment to surfaces, 
remain speculative. The energetic cost of hami synthesis appears higher than the production 
of simple, filamentous pili (which could also mediate surface adhesion), so that additional 
tasks might be envisaged. Thus, hami could be involved in cell motility, such as mediated by 
some bacterial type IV pili (Mattick, 2002; Ayers et al., 2010). Those can be retractile, and 
thus allow the bacterial cells to move on surfaces (“twitching motility”; Semmler et al., 1999; 
Maier, 2005). Although motility on a surface has not been observed for the SM1 
Euryarchaeon so far, the cells might be able to control and regulate the attachment and the 
cell-cell distance via directed assembly and disassembly of the filaments. Another function 
could be electron-transfer, as observed for bacterial Geobacter species, which could allow 
cell-surface and cell-cell interactions (Reguera et al., 2005). Noteworthy, the SM1 
Euryarchaeon seems to seek contact to bacteria of a specific morphotype: filament-forming, 
rod-shaped bacterial cells are frequently grappled by hami, and sometimes even completely 
cocooned by the surface appendages (Probst et al., 2014a). This observation might pinpoint 
at a specific interspecies interaction (Näther et al., 2006; Fröls et al., 2008; Ajon et al., 2011; 
Bellack et al., 2011; Jarrell et al., 2011), but remains speculative at this point. 

The SM1 Euryarchaeon possesses two membranes, which has rarely been described for 
Archaea. A typical archaeal cell wall is composed of a single membrane and an attached 
outer proteinaceous sheath (the S-layer), whose crystalline pattern can be used as a marker 
for certain genera and groups of Archaea (König et al., 2007; Rachel, 2010). It has been 
proposed that the S-layer represents the oldest cell wall structure (Albers and Meyer, 2011), 
since only few archaeal groups, such as several methanogens, members of the recently 
proposed Methanomassiliicoccales species (former classified as Thermoplasmatales, the 
seventh order of methanogens; Borrel et al., 2013; Iino et al., 2013) and Ignicoccus species 
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lack this protein layer. The latter possesses two membranes, where the outer cellular 
membrane (OCM) harbors the H2:sulfur oxidoreductase as well as the ATP synthase, and 
therefore appears to be energized (Küper et al., 2010; see Supplementary Figure S1). 
Ignicoccus hospitalis is in direct physical contact with its ectosymbiont/ectoparasite 
Nanoarchaeum equitans, which obtains several cell components from its host in order to 
compensate for its own biosynthetic shortcomings. The nano-sized archaeon is interacting 
with the host's OCM, facilitating the transport of amino acids, lipids and—although not 
experimentally proven yet—ATP molecules and cofactors in an yet unknown process (Huber 
et al., 2012) . The unique cell architecture of all Ignicoccus species (Rachel et al., 2002; 
Junglas et al., 2008; Huber et al., 2012) in combination with the energized OCM demarcates 
Ignicoccus clearly from all known prokaryotic cell envelopes. To date, it is unknown whether 
the outer membranes of the Euryarchaeota Methanomassiliicoccus or SM1 are energized. 
This also remains unknown for the ultrasmall ARMAN cells, whose ultrastructure was 
interpreted as possessing an inner and OCM instead of an archaea-typical cell wal (Comolli 
et al., 2009; Baker et al., 2010). Except for the lipid composition, these membranes distantly 
resemble the dimensions and appearance of bacterial Gram-negative cell walls. It is not 
known whether such a cell wall architecture is rather a general feature of many archaea and 
was not recognized as such so far, or is an exception within this domain of life. 

Strikingly, all archaea that possess a double membrane-based cell wall are involved in close 
interaction with other archaea, bacteria or their eukaryotic host. Bacteria which are 
participating in syntrophic partnerships are often found to be equipped with unique multiple 
membrane complexes (Orphan, 2009), and thus a positive effect on such interactions could 
be envisaged for several reasons: (1) An outer membrane is a suitable surface for anchoring 
proteins, lipids and carbohydrates, which could serve as contact sites for interactions 
(Mashburn‐Warren et al., 2008). In contrast to S-layers, membrane architecture can be 
changed and regulated internally, allowing flexible responses to environmental changes. 
Within the SM1 Euryarchaeon, the double membrane also anchors the hami, which 
represent the major contact site of the cell toward biotic and abiotic surfaces. (2) The 
spanned periplasm provides additional space for metabolic products, chemosensors, signal 
cascades, storage compounds, and other molecules possibly involved in microbial 
interactions (Davidson et al., 1992; Wadhams and Armitage, 2004). Additionally two 
compartments provide the possibility of generating gradients and allow 
compartmentalization even within one single prokaryotic cell. 

The finding of an increasing number of archaea with double-membrane cell walls could 
suggest this feature to be a general characteristic of a predecessor archaeon, and questions 
the S-layer as the (proposed) ancient cell wall type for Archaea. It shall be noted, however, 
that sample preparation and clear visualization of the undisrupted cell wall is challenging 
and, in most cases, has to include a careful interpretation of the obtained data. The question 
whether the double membrane is a general feature of Archaea emphasises the need for 
more detailed ultrastructural analyses of cultivated and uncultivated archaea, but also asks 
the community to reconsider the proposed models for archaeal cell division and formation 
of cell surface appendages. The latter includes the involvement of other (novel?) 
translocation machineries for cell surface molecules, including the transfer across two 
membranes and the periplasm. Overall, it becomes again clear that the archaeal domain is 
not humble in structure, organization, and function. The more we learn about this group of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4122167/#SM1
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microorganisms, the more we recognize the sophisticated, complex, and clever way of 
archaeal living. 
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Abstract 

The uncultivated “Candidatus Altiarchaeum hamiconexum” (formerly known as SM1 
Euryarchaeon) carries highly specialized nano-grappling hooks (“hami”) on its cell surface. 
Until now little is known about the major protein forming these structured fibrous cell 
surface appendages, the genes involved or membrane anchoring of these filaments. These 
aspects were analysed in depth in this study using environmental transcriptomics combined 
with imaging methods. Since a laboratory culture of this archaeon is not yet available, 
natural biofilm samples with high Ca. A. hamiconexum abundance were used for the entire 
analyses. The filamentous surface appendages spanned both membranes of the cell, which 
are composed of glycosyl-archaeol. The hami consisted of multiple copies of the same 
protein, the corresponding gene of which was identified via metagenome-mapped 
transcriptome analysis. The hamus subunit proteins, which are likely to self-assemble due to 
their predicted beta sheet topology, revealed no similiarity to known microbial flagella-, 
archaella-, fimbriae- or pili-proteins, but a high similarity to known S-layer proteins of the 
archaeal domain at their N-terminal region (44–47% identity). Our results provide new 
insights into the structure of the unique hami and their major protein and indicate their 
divergent evolution with S-layer proteins. 

Keywords: archaea, S-layers, Archaeal cell surface appendages, Hami, Nano-grappling 
Hooks, Double-membrane, Environmental transcriptomics, Electron cryo-tomography 

 

Introduction 

In the course of evolution, nature has developed simple and fascinating solutions for various 
challenges. Particularly microbial life seems thus to harbor an enormous potential of 
exploitable biomaterial, such as enzymes and other biomolecules. These compounds are 
thought to prove very useful for diverse applications, in e.g., medicine, pharmacy, or 
industry (Beg et al., 2001; Hasan et al., 2006; Dutta and Kundu, 2014). However, the majority 
of naturally occurring exploitable biomaterial remains to be explored, because a substantial 
amount of microorganisms resist cultivation in the laboratory and thus escape detailed 
characterisation of their metabolic potential and functional traits. 

Cultivation-independent methods such as metagenomics enable scientists to directly access 
the genetic information of (entire) microbial communities. The sequence information 
retrieved can be used for assembly of near complete to complete genomes from key or 
underrepresented members of the communities (Tyson et al., 2004; Sharon and Banfield, 
2013; Sharon et al., 2013). This information thus provides the basis for functional annotation 
of these novel microbial genomes. However, annotation of genes from lineages with only 
distant representatives is sometimes limited. Some cases have been reported in which 
approximately 50% of the predicted proteins could not be assigned a function (Baker et al., 
2010; Kantor et al., 2013). Consequently, linking metagenomic data from uncultivated 
microorganisms with information retrieved by other molecular methods and/or imaging 
techniques in order to characterise such unknown predicted proteins is a promising 
approach. Imaging techniques, however, can currently not be conducted for highly complex 
microbial communities (e.g., those from soil) without substantial loss of information. 
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Nevertheless, populations with low and simple diversity and uneven abundance of its 
members, such as the uncultivated acid mine drainage microbial community, can be studied 
in detail using a variety of these techniques, enabling researchers to link metagenomics to 
cellular characteristics (Comolli et al., 2009; Baker et al., 2010; Yelton et al., 2013; Comolli 
and Banfield, 2014). 

For instance, genomes of ARMAN cells have been linked to their ultrastructure (Baker et al., 
2006; Comolli et al., 2009; Baker et al., 2010); the latter also revealed that their cell wall is 
composed of a double membrane—a highly unusual feature in the domain of Archaea 
(Klingl, 2014). This feature was described to be shared only with a few other members in this 
domain, which are represented by the genus Ignicoccus (Rachel et al., 2002; Junglas et al., 
2008), the Methanomassiliicoccus species (Dridi et al., 2012; Iino et al., 2013; Borrel et al., 
2014) and the recently described “Candidatus Altiarchaeum hamiconexum” (formerly known 
as SM1 Euryarchaeon; Rudolph et al., 2001; Probst et al., 2014b). 

Ca. A. hamiconexum is a representative of the recently introduced euryarchaeal order 
“Candidatus Altiarchaeales”, a widespread group of uncultivated archaea thriving in 
subsurface aquifers (Probst et al., 2014b). The tiny coccoid Ca. A. hamiconexum cells are 
washed up from the subsurface in extraordinarily pure biofilms (Henneberger et al., 2006; 
Probst et al., 2013b). In a very recent publication, metagenomic sequencing data of Ca. A. 
hamiconexum biofilms were combined with isotopic-based lipidomics to reveal its 
autotrophic metabolism, which may be the basis for substantial carbon dioxide fixation in 
the subsurface. Lipidomics has further shown that the archaeon's double membrane is 
composed of core diether lipids with either two phytanyl chains or a combination of one 
phytanyl and one sesterpanyl chain (Probst et al., 2014b). Anchored in this membrane, 
unique cell surface appendages called “hami” (singular: “hamus”; Moissl et al., 2005) were 
identified via ultrastructural analyses. Hundreds of these hami protrude from each cell and 
interlink with those of neighboring cells in order to form a biofilm (Probst et al., 2014b). Each 
filament is assembled from three protein sub-filaments that are wound up to a barbed-wire-
like structure and a distal grappling hook. This unique structure is supposed to be composed 
of one major protein species (Moissl et al., 2005; Probst et al., 2014b) —similar to surface 
layer proteins (S-layer), which usually also consist of one or two protein species that 
assemble into a 2-dimensional array on cell surfaces (Sleytr and Messner, 1988; Eichler, 
2003; Veith et al., 2009; for a detailed review on archaeal S-layers see Klingl, 2014, same 
Research Topic). It was proposed that individual hami subunits are expressed in the 
cytoplasm, transferred through the inner membrane by the Sec-pathway and then 
assembled in the periplasmic space between inner and outer membrane (Probst et al., 
2014). Although six genes were annotated as putative hamus subunit-encoding genes, the 
actual gene that is expressed for hamus formation in vivo has not been identified so far 
(Probst et al., 2014b). 

In this study a combination of -omic techniques with electron microscopy was applied in 
order to identify the bona fide gene sequence of the hamus subunit, shed light onto its 
phylogenetic evolution and further analyse its structure and the membrane in which it is 
anchored. Due to its barbed-wire-like structure and in particular its distal nano-hook, the 
hamus is considered an exploitable biomaterial and thus a tool for nanobiotechnology 
(Moissl-Eichinger et al., 2012a), for which we provide the basis in this communication. 
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Material and methods 

Sampling and sampling processing. Archaeal biofilm samples were taken from the cold 
sulphidic spring, called Mühlbacher Schwefelquelle Isling (MSI), which is located in close 
vicinity to Regensburg, Germany (Rudolph et al., 2004b). The biofilms were harvested from 
double-opened flasks, which were incubated for 2–3 days in the water-flow of the spring, 
approx. 30 cm below the surface. The flasks were equipped with a polyethylene net, which 
proved useful to catch upwelling biofilm-pieces from the spring-water. After the incubation 
period, the entire flask was closed under water using rubber stoppers and transported on ice 
to the laboratory, where the samples were immediately processed (Probst et al., 2013b). 

TOF-SIMS (time of flight secondary ion mass spectrometry) chemical imaging. Archaeal 
biofilms were washed from the nets, and free-floating biofilm pieces were collected onto on 
gold-plated screens (hole 100 μm, G225G1, Plano GmbH, Wetzlar, Germany). Samples were 
immediately dried and the gold-coated aperture disks were placed onto silicon wafers and 
affixed along the edges with adhesive tape, with care to avoid contact with the biofilm. 

Chemical imaging was performed with a modified commercial reflectron-type time-of-flight 
secondary ion mass spectrometer (TOF.SIMS V; IonTOF, Germany). Mass-selected Bi+3 ions 
with 25 keV kinetic energy impacted the sample surface at 45° with respect to the surface 
normal. Ejected cationic and anionic chemical species were collected in separate analyses. 
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) spectra were acquired with Bi+3 
pulses in high current bunched mode, over an area of 500 μm × 500 μm, with a 256 pixel × 
256 pixel raster scan at a repetition rate of 2.5 kHz, and secondary ions were extracted with 
a 10 μs long extraction −2000 V (positive ion mode) or +2000 V (negative ion mode) pulse. 
Electron charge compensation was not used. 

Electron cryo-tomography. Biofilm samples were centrifuged at 16,000 × g using an 
Eppendorf 5415 C table top centrifuge, and cell pellets were resuspended in an equal 
volume of KPH buffer (0.7 mM NaCl, 0.1 mM MgCl2, 1.6 mM CaSO4, 1 mM HEPES; the pH was 
adjusted with NaOH to 6.5; Moissl et al., 2005). Cellular suspensions were mixed with an 
equal amount of 10 nm colloidal protein-A gold (Aurion, Wageningen, The Netherlands), and 
3 μl of this mixture were added to a glow-discharged Quantifoil (Quantifoil, Großlöbichau, 
Germany) grid, blotted for 3–5 s and plunged into liquid ethane. 

Samples were transferred frozen into a Polara G2 Tecnai transmission electron microscope 
(FEI, Hillsboro, USA) operated at 300 kV. The TEM was equipped with a Gatan 4 × 4 k charge-
coupled device (CCD) camera or a K2-Summit dierect electron detector as well as a Tridiem 
energy filter (Gatan Inc., Pleasanton, USA). Images were recorded using a magnification of 
34,000 × on the CCD and 41,000 x on the K2 summit, corresponding to a pixel size of 0.6 or 
0.54 in the final image, respectively. Zero loss filtered tomographic tilt series were collected 
in a range of −60° to +60°, at increments of 2°–2.5° and a defocus of 6–10 μm using the 
Gatan Digital Micrograph Latitude software (Gatan Inc., Pleasanton, USA) The maximum 
cumulative dose was 150 e−/A2. 

For electron tomography at room temperature, samples were high-pressure frozen and 
embedded in epon resin as described in Perras et al. (2014). Tilt series were recorded at 120 
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kV on a JEOL JEM-2100, equipped with a LaB6 cathode and a 2 × 2 k F214 fast scan CCD 
camera (TVIPS, Gauting, Germany) in a range of −60° to +60° in steps of 2°, a defocus of 3–6 
μm and a magnification of 14,000 ×, which equals a pixel size of 1 nm in the final micrograph. 
Tilt series were reconstructed into tomograms with the IMOD software (Kremer et al., 1996), 
using weighted backprojection or SIRT and displayed in 3 dmod (IMOD). 

Ultrastructural analysis using transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM). For analysing the cell surface appendages, the unfixed, purified 
hami were deposited on a carbon-coated copper grid and negatively stained with 
uranylacetate [2% (w/v), pH 4.5]. The samples were examined with a CM12 transmission 
electron microscope (FEI Co., Eindhoven, The Netherlands) operated at 120 kV. All images 
were digitally recorded using a slow-scan CCD camera that was connected to a computer 
with TVIPS software (TVIPS GmbH, Gauting, Germany). Scanning electron microscopy was 
performed as described before (Probst et al., 2014a). 

Particle characterisation within the cells. For element analysis of the particles within 
coccoid cells, Ca. A. hamiconexum biofilm flocks were embedded in TAAB embedding resin 
(TAAB, Aldermaston, UK) and thin sectioned as described before (Milić et al., 2015), followed 
by staining with platinum blue and lead citrate. Energy Filtered TEM (EFTEM) was performed 
with a Gatan GIF Quantum 963 energy filter using an FEI Tecnai 20 microscope at 120 kV 
acceleration voltage. To visualize the elemental distributions, elemental maps were made 
using the three window method at the standard losses provided by Gatan Digital Micrograph 
software (Teubl et al., 2015). 

Energy Dispersive X-Ray spectroscopy was performed using an Edax silicum type ultrathin 
unit (SUTW) detector, as described bevore (Milić et al., 2015); the corresponding images 
were made with scanning transmission EM using a High Angle Annular Dark Field detector 
(HAADF). 

Purification of hamus filaments and antibody generation. For the production of hamus-
specific antibodies for protein analyses and structural investigations, hamus filaments were 
released from the archaeal cell surface. The purification procedure, as well as the production 
of hamus-specific antibodies, has been described elsewhere (Probst et al., 2014a). In brief, 
the archaeal biofilm cells were lysed using 0.1% (w/v) sodium dodecyl sulfate (SDS) and cell 
debris was removed via subsequent centrifugation and sucrose-gradient centrifugation 
steps. 

Denaturating SDS-PAGE analysis and western blot. Hamus filaments were purified as 
described above and mixed with protein loading dye [Tris/HCl pH 7.5, 60 Mm; Glycerol 10% 
(v/v); SDS 2% (w/v); bromphenol blue 0.01% (w/v); 2-mercaptoethanol 5% (w/v)] and heated 
for 30 min in boiling water. Afterwards, proteins were separated via SDS-PAGE (Laemmli, 
1970) using a Mini Protean 3 Cell [Bio-Rad Laboratories Inc., Munich; 12.5% (w/v) 
polyacrylamide linear gradient gel], at 15 mA followed by a higher current of 30 mA until the 
dye front reached the bottom of the gel. 

The separated proteins were afterwards semi-dry-blotted onto a Roti®-PVDF (polyvinylidene 
fluoride) membrane (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) using a semidry transfer 
cell instrument (Bio-Rad, Munich, Germany) operated at 16 V for 1 h. Blocking was 
performed by incubation of the membrane in Tris buffered saline [including Tween 200.01% 
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(v/v), 3% milk powder (w/v); TBST-B] overnight. After a washing step with Tris buffered 
saline [including Tween 200.01% (v/v); TBST], the primary antibody (anti-hamus) was applied 
(1:5,000 dilution in TBST-B) and incubated for 3 h under agitation. The membrane was 
washed using TBST and the secondary antibody [anti-chicken coupled with horseradish 
peroxidase (1:1,000 in TBST-B; Sigma-Aldrich Chemie GmbH, Munich, Germany)], was 
applied for 2 h]. The reaction was visualized by applying a 3-amino-9-ethylcarbazole solution 
[20 mg of 3-amino-9-ethylcarbazole dissolved in 1 ml ethanol p.a., followed by mixing with 
50 ml of potassium acetate, pH 5, 20 mM, 100 μl of triton X-100, 10% (v/v) and 10 μl of H2O2] 
after another washing step. 

Liquid chromatography mass spectrometry of peptides. For identification of peptides in the 
band showing positive reaction in the western blot analysis, the corresponding band in the 
SDS-PAGE was cut out and trypsin digested. Obtained peptides were then subjected to liquid 
chromatography coupled to tandem mass spectrometry (LC-MS/MS). HPLC was carried out 
using a Ultimate3000 RSLC nano-HPLC System (Thermo Fisher Scientific; at the facilities of 
Prof. Dr. R. Deutzmann, University of Regensburg) with a reversed phase chromatography 
analytical column (ReproSil Pur 120 C18-AQ, 75 μm × 25 cm). The mobile phase consisted of 
a linear gradient containing 0.1% (v/v) formic acid (eluent A) and 80% (v/v) acetonitrile, 0.1% 
(v/v) formic acid (eluent B). HPLC was coupled on-line to a maXis plus UHR-QTOF system 
(Bruker Daltonics) via nano-electrospray source and up to five most abundant precursors 
selected for fragmentation by collisional induced dissociation (CID). Identification of the 
obtained peptide mass fingerprints was performed by genome database searching using the 
PeptideMass software (Wilkins et al., 1997). 

Fluorescence immuno-labeling. For immuno-staining, the archaeal biofilms were fixed with 
paraformaldehyde (5%; v/v) at room temperature (1 h) and washed three times with PBS 
(phosphate buffered saline). The cell suspension was applied into a well of a gelatine-coated 
slide [P. Marienfeld KG, Lauda-Koenigshofen, Germany; slides were dipped into a 0.01% 
(w/v) gelatine solution and dust-free air-dried]. The dried cells were afterwards incubated in 
16 μl of PBST [+0.1% (w/v) SDS] at 37°C and the PBST buffer was replaced with 16 μl PBST 
buffer containing the anti-hamus IgG (Davids biotechnology, Regensburg, Germany; dilution 
1:2,000; 1 h, 37°C). Subsequently, the slide was washed 15 min in PBST [+0.1% (v/v) SDS], 
rinsed with H2O and air dried. The secondary antibody (goat anti-chicken, Cy3-labeled; 0.64 
mg/ml, Sigma Aldrich, Germany; dilution 1:500) was added and incubated for 1 h at 37°C. 
After washing two times with PBST [+0.1% (v/v) SDS], the slide was rinsed with H2O again, 
DAPI counterstained and analysed by fluorescence microscopy (Olympus BX53F, Hamburg, 
Germany) with epifluorescence equipment and the respective imaging software (cellSens, 
Olympus). 

Transcriptomic analysis of hamus gene(s). The presence or absence of specific hamus 
subunit transcripts was tested via specific mRNA detection in archaeal biofilm samples (see 
Supplementary Table S1, containing list of genes and primers). Three hamus subunits (i.e., 
MSIBFv1_A2980002, MSIBFv1_A2020020, MSIBFv1_A3210004; deposited in the European 
Nucleotide Archive; accession code: PRJEB6121 (Probst et al., 2014b) were examined in 
detail. 

RNA was isolated using the PowerBiofilm™ RNA Isolation Kit (Mobio Laboratories Inc., 
Carlsbad, USA), following the manufacturers' instructions (DNA digestion was performed for 
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30 min). DNAse treatment was repeated after precipitation of nucleic acids. Contamination 
of the RNA extraction by residual DNA was excluded by PCR amplification, using a universal 
archaeal forward primer combined with a reverse primer binding in a non-transcribed region 
(e.g., primer: 344aF and 64R-23S, sequences in Supplementary Table S1). Samples showing 
no positive PCR signals were assumed to be free of contaminating DNA and were further 
processed. RNA was reverse-transcribed into cDNA (QuantiTect Rev. Transcription Kit, 
Qiagen, Hilden, Germany). Transcripts were amplified using specific primers, which were 
designed using the web tool Primer3v.0.4.0 software 
(http://biotools.umassmed.edu/bioapps/primer3_www.cgi; parameters: product size: 
optimum full length of gene, GC% 40–60%, annealing temperature: 60°C optimum). To 
confirm the specificity, primers were searched (Altschul et al., 1990) against NCBI NR and 
against the Ca. A. hamiconexum metagenome (Probst et al., 2014b). The designed primer 
pairs (see Supplementary Table S1) were used individually using cDNA as a template and 
tested for amplification success (denaturation time: 5 min 95°C; 30 cycles: 45 s 94°C, 45 s 
60°C, 130 s 72°C; final elongation: 10 min 72°C). Positive PCR products were purified 
(HiYield® Gel/PCR DNA Fragments Extraction Kit; Süd-Laborbedarf GmbH, Gauting, Germany) 
and Sanger-sequenced (LGC Genomics GmbH, Berlin, Germany). Experiments were carried 
out in duplicates. 

Hamus protein analysis, structure determination, and phylogenetic tree reconstruction. 
The trans-membrane region of the hamus protein was predicted by TMHMM v2.0 
(http://www.cbs.dtu.dk/services/TMHMM/). The protein characteristics were analysed using 
GenScript's Peptide Property Calculator (https://www.genscript.com/ssl-
bin/site2/peptide_calculation.cgi) and by NetNGlyc 1.0 
(http://www.cbs.dtu.dk/services/NetNGlyc/). 

Secondary structure was predicted using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/), 
alignment of the sequences was performed using the multi-sequence alignment program 
MAFFT (http://mafft.cbrc.jp/alignment/server/). PSIPRED prediction was combined with a 
fold recognition search using pGenThreader (Lobley et al., 2009). 

Hamus protein region 5–81 was searched against the NCBI database (blastp; Altschul et al., 
1990). The 50 mostly related protein sequences were retrieved and used for tree (Neighbor 
Joining and Maximum Likelihood) reconstruction via MEGA 6 (Tamura et al., 2013). 

 

Results 

The Ca. A. hamiconexum double membrane is composed of glycosyl-archaeol species. In 
positive ion TOF-SIMS spectra, several notable mass spectral peaks were observed in the 
high mass range [700–1,200 atomic mass units (amu) and around 2,000 amu]. Most 
prominent of these mass peaks is a cluster of peaks centered about ~1,000 amu, which was 
assigned to sodiated diglycosyl archaeol (Figure S1). 16 mass units lower and higher of the 
sodiated lipid peaks were additional clusters of peaks which could either reflect lithiated and 
potassiated variants, or, for the m/z ~1,016 peaks contribution from a core hydroxyarchaeol 
with sodiated diglycosyl polar head group. Minor contributions of sodiated triglycosyl 
archaeol and monoglycosyl archaeol were also detected at m/z 1,162 and 838, respectively. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5
http://www.cbs.dtu.dk/services/TMHMM/
https://www.genscript.com/ssl-bin/site2/peptide_calculation.cgi
https://www.genscript.com/ssl-bin/site2/peptide_calculation.cgi
http://www.cbs.dtu.dk/services/NetNGlyc/
http://bioinf.cs.ucl.ac.uk/psipred/
http://mafft.cbrc.jp/alignment/server/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5


III.2. S-layers at second glance? Altiarchaeal grappling hooks (hami) resemble archaeal S-layer 
proteins in structure and sequence 

- 59 - 

In addition to the salt adducts of the mono-, di- and tri-glycosyl lipids, a significant 
contribution from m/z ~1,070 was observed. From LC/MS/MS data of additional samples of 
the SM1 biofilm, this lipid was assigned to a diglycosyl diether lipid with one C20 hydrocarbon 
chain and one C25 hydrocarbon chain. 

In the mass range where dimers or tetraether species would occur, several groups of peaks 
could also be observed, albeit at relatively low intensity (Figure S2). Prominent among these 
species was a cluster of peaks with a maximum peak intensity observed at m/z 1,974.5 and 
2,006.5 amu. M/z 1,974.5 was found too low in mass to correspond to a simple sodiated 
dimer of the diglycosyl lipid (strongest isotope peak would appear at m/z 1,977.6), and too 
high in mass to correspond to a sodiated diglycosyl dialkyl tetraether (which would have its 
strongest isotope peak at m/z 1,973.5). Based on the strong sodiated lipid contribution in 
the diglycosyl diether lipid-related peaks, it was assumed that the peaks represented a 
sodiated species. With this assumption, one possible structure could be a sodiated trialkyl 
tetraether lipid with four total glycosyl groups on the ends (Figure S2). It is not clear whether 
this species is native to the biofilm or a result of a dimerization process that occurs during 
the ion sputtering event. 

Particles localized inside and outside of the Ca. A. hamiconexum cells reveal different 
elemental composition, indicating the presence of sulfur and phosphor deposits within the 
cells. TOF-SIMS analysis revealed inorganic species embedded in the biofilm, containing Na, 
K, Ca, Mg, and Fe (positive ion mode TOF-SIMS; Figure S3). Ca2+ and Mg2+ appeared to be 
concentrated within particles in the biofilm, which may indicate the formation of insoluble 
mineral carbonates. As revealed by scanning electron microscopy, such particles were easily 
visible in the preparations (Figure III.2-1A), and many particles were located in close vicinity 
or even touched by the hami of highly actively dividing cells (Figure III.2-1A). 

Electron microscopic images of ultrathin-sectioned cells showed that most of the cells 
exhibited dark inclusions within their cells (Figure III.2-1B). Such dense areas were examined 
using energy dispersive X-ray spectroscopy and were identified containing most likely 
phosphor and sulfur (in some cells) (data not shown). This result was further confirmed using 
EFTEM (Figure S4). 

 

Figure III.2-1 Electron micrographs of Ca. A. hamiconexum cells within the biofilm. (A) Scanning electron 
micrograph of dividing cells in the biofilm, showing particles close to the hami and the cells. Bar: 1 μm. (B) Thin-
section of one cell, showing dark-stained areas. Bar. 200 nm. 
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Hamus-filaments are three-dimensional structures and span both membranes. Preliminary 
results of electron tomography from entire Ca. A. hamiconexum cells after high-pressure-
freezing, freeze substitution and epon embedding resulted in a cell wall model (Figures III.2-
2). Both the inner and the outer membrane were visualized in a 50 nm section through the 
cell (Figures III.2-2; Supplementary Movies 1, 2). Filamentous structures (8 nm in diameter), 
most likely representing the hami, passed through both membranes. At the cytoplasmic end 
of some of the filaments, an electron dense structure could be detected, representing a 
potential anchorage-associated structure of the filaments. 

 

Figure III.2-2 Electron tomography of a 50 nm section of high-pressure frozen and freeze substituted cells. The 
tilt series was carried out at 120 kV from −60 to +60° with an increment of 2° and a final magnification of 
14,000 x. The reconstruction of the tomogram was performed with IMOD. In selected virtual slices, several 
structures were indicated. (A) The final tomogram revealed the inner (IM) and outer membrane (OM) with a 
thickness of about 6 nm in each case. The overall thickness of inner and OM together with the periplasm was 
44 nm. Therefore, the periplasm has a width of about 32 nm. (B) Further, two hami filaments with a diameter 
of approximately 8 nm were indicated spanning both the IM and OM (arrow heads). (C) Underneath the IM, 
another layer could be recognized (arrows). As the resolution of the tomogram is quite low, this could either be 
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kind of an anchoring structure/mechano sensor or a preparation/reconstruction artifact as it was just visible in 
a very low number of the virtual slices of the tomogram (continues on next page). With this tomogram, a model 
(segmentation) was constructed (D) illustrating the IM (red) and OM (green), the hami filaments (yellow) and 
the supposed anchoring-associated structure (blue). For simplicity, the membranes were illustrated as a 
monolayer. Scale bars: 500 nm. 

 

Electron cryo-tomography of hami several μm away from the cell surface (Figures III.2-2, 3) 
revealed the typical barbed-wire structure as seen in micrographs of negatively stained 
samples (Figure III.2-4A; Moissl et al., 2005; Perras et al., 2014; Probst et al., 2014b).  

 

Figure III.2-3 Electron cryo-tomography of the hami. Tomographic slices through hami emanating from the cell 
surface. Hami occur as single barbed wire-like filaments (A,B; black arrowheads). Scale bar: 100 nm. 

 

In the tomograms, the hami showed a repeating pattern of prickle triplets at an average 
center-to-center distance of 47 nm. Each prickle revealed an average length of 36 nm and 
emanated from the backbone of the filament. However, hami missing the typical barbed-
wire pattern were also observed (Figures III.2-4A, B). They were partially plain filaments and 
could be identified as hami by their dimensions and typical hook (Figure III.2-4A). 
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Figure III.2-4 Electron micrographs of isolated hami. (A,B) Overview of negatively stained hami with visible 
triple grappling hooks. The typical barbed-wire structure of the filament is shown, next to plain (probably) 
stretched filaments. Electron cryo-tomography shows the bundling of the hami (C, white arrow). Scale bar: 500 
nm. 

 

Apart from individual hamus filaments, bundles of such filaments were found (Figure III.2-
4C), suggesting that they are capable of forming super-filaments that are interlinked by the 
prickles. Tomograms of the cell body showed a plethora of filaments emanating from the 
cells (Supplementary Movies 3, 4). Most of these filaments showed the barbed wire-like 
structure typical for hami. Due to the thickness of the cell body, filaments passing the 
membranes could not be clearly resolved 

The major hamus subunit protein is encoded by one of six homolog genes. Purified hami 
were found to be composed of one major protein (“120 kDa protein”; Moissl et al., 2005). 
The antibodies generated against purified hamus filaments showed a strong and specific 
reaction against the surfaces of coccoid Ca. A. hamiconexum cells within the biofilms (Figure 
III.2-5).  
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Figure III.2-5 Immuno-staining of cells embedded in the archaeal biofilm. DNA is stained blue (DAPI) and hami 

were visualized using a CY3-labeled anti-hamus antibody (orange). The hami formed a halo around the cell. 

Scale bar: 2 μm. 

 

No signal was obtained from (filamentous) bacteria, occasionally enclosed in the biofilm. The 
same antibodies were used for a Western blot immuno-assay, showing a clear, strong signal 
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appearing on the gel—the previously identified “120 kDa protein” (Figure S5; Moissl et al., 
2005). The LC-MS/MS fingerprint from this protein was compared with the metagenomic 
information of Ca. A. hamiconexum retrieved during a recent study (Probst et al., 2014b). Six 
homologous open reading frames (ORFs) potentially encoding for the major hamus protein 
were identified within the metagenomic data set. Supported by transcriptomic data (the 
retrieved RNA sequence revealed 100% identity in sequence and length), ORF 
MSIBFv1_A321004 was identified to code for the transcribed hamus subunit protein. This 
ORF was located on a relatively small contig (~5,600 nucleotides), containing only five ORFs 
in total. Transcription of the other homologous hamus genes could not be proven. 

The hamus protein carries glycosylation sites and an S-layer-like N-terminal region. The 
identified hamus ORF MSIBFv1_A321004 coded for an acidic, soluble 97 kDa protein 
(hydrophobicity: −0.28, PI 5.18) with major components Gly (9.71%) and Thr (9.49%). A sec-
signal peptide was predicted (amino acid (aa) 1-27; Probst et al., 2014b), and in the same 
region of the gene, in congruence, TMHMM predicted a transmembrane helix (aa: 7-29). 
This sequence was predicted to be hydrophobic and charged positively (pI: 10.51). At least 
seven potential glycosylation sites were proposed for the hamus subunit protein. Thus, the 
discrepancy between the protein mass estimated from SDS-PAGE (120 kDa) and the gene-
predicted mass (97 kDa) resulted most likely from post-translational glycosylation of the 
protein (Moissl et al., 2005). 

The hamus subunit gene (ORF MSIBFv1_A321004) shared the contig with four additional 
ORFs (Figure S6), encoding for two proteins of unknown function, a glutamate-tRNA-ligase 
(closest related protein from Methanobacterium formicicum, DSM3637) and an 
acylphosphatase, with highest similarity to Korarchaeum cryptofilum (strain OPF8) 
acylphosphatase. One of the unknown proteins belongs to the TraB family, the other shows 
partial similarities (32%) to a Sulfolobus solfataricus (strain ATCC 33909) putative UDP-N-
acetylglucosamine-dolichyl-phosphate N-acetylglucosamine-phosphotransferase. 

Regarding the complete hamus subunit protein sequence, NCBI NR blastp search (Altschul et 
al., 1990) revealed no homologous sequences. However, three different architectures to be 
remotely related to parts of the protein sequence were revealed by the conserved Domain 
Architecture Retrieval Tool 
(http://www.ncbi.nlm.nih.gov/Structure/lexington/docs/cdart_about.html): Archaeal S-layer 
proteins, hypothetical proteins and acetyl-transferases. Patterns attributed to archaeal S-
layer proteins were observed mainly at the N-terminal region of the protein [“S_layer_N”: S-
layer like family, N-terminal region (pfam 05123, aa 5-81) and “S_layer_MJ”: S-layer protein, 
MJ0822 family (TIGR 01564, aa 5-98)]. Closest relatives were found to be N-terminal regions 
of S-layer proteins from Methanotorris igneus (WP_013799875.1; 47% identity, e-value: 6e-
05; 56.6 bits), Methanothermococcus thermolithotrophicus (CAC83952.2; 44% identity, e-
value 5e-04, 53.9 bits) and Thermococcus eurythermalis (AIU70131.1; 45%; e-value: 7e-04; 
53.5 bits). In contrast to these and other known S-layer proteins, the hamus subunit-protein 
did not exhibit a typical S_layer_C- terminus pattern. 

The hamus protein exhibits a prominent β-sandwich fold and thus structurally resembles 
typical archaeal S-layers. The secondary structure prediction program PSIPRED identified 
about 56 beta strands connected by loops and flanked by helical segments in some cases 
(Figure S7). The first 110 amino acids showed sequence homologies to S-layer proteins from 
methanogenic Archaea (Methanococcus voltae, Methanococcus maripaludis, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5
http://www.ncbi.nlm.nih.gov/Structure/lexington/docs/cdart_about.html
https://www.ncbi.nlm.nih.gov/protein/WP_013799875.1
https://www.ncbi.nlm.nih.gov/protein/CAC83952.2
https://www.ncbi.nlm.nih.gov/protein/AIU70131.1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4460559/#SM5
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Methanothermococcus okinawensis, and Methanocaldococcus vulcanius). None of these 
homologous S-layer proteins have yet been investigated structurally and they do not show 
any sequence identity to solved structures of S-layer proteins, from bacterial Clostridium 
difficile [Protein Data Bank (pdb) entry 3cvz; Fagan et al., 2009,], Clostridium thermocellum 
(pdb entry 4qvs) or archaeal S-layer proteins from Methanosarcina acetivorans (pdb entry 
3u2h, 1l0q; Arbing et al., 2012). Therefore, it was not possible to find a suitable template for 
reasonable homology modeling just by using a BLAST algorithm. 

Putative structural conservation patterns compared to the archaeal S-layer proteins were 
investigated by applying the multi-sequence alignment program MAFFT in combination with 
the topology prediction provided by PSIPRED (pdb entry 3u2h). A parallel overlap between 
sequence and topology conservation to the DUF1608 domain in the S-layer protein from M. 
acetivorans was identified, when only parts of the hamus protein sequence (Ala334-Asp665) 
were searched. The M. acetivorans S-layer protein MA0829 comprises 671 aa and, similar to 
the hamus protein, has an N-terminal signal peptide. In addition, it contains the tandem-
duplicated DUF1608 domains exclusively found in methanogenic Euryarchaeota. 

In a second step, a PSIPRED prediction combined with a fold recognition search 
(pGenThreader) was performed, which can be applied to individual protein sequences. Three 
hits were indicated with a p-score of 10−8 and an overall coverage of more than 50%. 
Interestingly, none of the proposed proteins were associated with S-layer proteins: (1) a 
cytoplasmic response regulator of two-component system, which controls heparin and 
heparan sulfate acquisition and degradation in the human gut symbiont Bacteroides 
thetaiotaomicron (pdb entry 4a2l; Lowe et al., 2012), (2) a xyloglucanase from C. 
thermocellum (pdb entry 2cn3 Martinez-Fleites et al., 2006), and (3) a human DNA-damage 
binding protein (pdb entry 3ei3 Scrima et al., 2008). 

We have performed homology modeling based on the first three hits of pGenThreader 
(Figure III.2-6).  
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Figure III-2-6 Homology modeling of the Hami sequence on (A) a cytoplasmic response regulator of two-
component system (pdb entry 4a2l), (B) a xyloglucanase from Clostridium thermocellum (pdb entry 2cn3), and 
(C) a human DNA-damage binding protein (pdb entry 3ei3). The models are displayed as cartoons colored in 
spectrum mode with the N-terminal region in blue and the C-terminal region in red. 

 

In all three models the first 110 aa were removed. Two of the models (Figures III.2-6A,C) 
show a propeller-like assembly reminiscent of a WD40 repeat. Although not being suitable 
for homology modeling, also the lower ranking hits proposed by pGenTHREADER revealed a 
consistent picture with an always returning motif of the WD40 propeller domain, which is 
often seen in S-layer proteins (Veith et al., 2009; Klingl et al., 2011) and represents one of 
the most conserved domains for protein-protein interaction. In the model of the hamus 
protein based on the template of the DNA-damage binding protein (pdb entry 3ei3) this 
motif would cover the region from aa 230-600, while in the model based on the template of 
the xyloglucanase from C. thermocellum (pdb entry 2cn3) the WD40 like array would 
correspond to aa 440-800. 

 

Discussion 

The filamentous cell surface appendages of the cold-loving, uncultivated SM1 Euryarchaeon, 
Ca. A. hamiconexum (Probst et al., 2014b) are composed of one major protein species. The 
sequence of this hamus subunit protein did not show any homologies to currently known 
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proteins involved in microbial fiber-, pili-, flagella-, or archaella formation, but showed 
similarities to known archaeal S-layer proteins: Besides a typical S-layer N-terminus pattern, 
the hamus subunit protein was found to be slightly acidic and most likely highly glycosylated, 
similar to S-layer proteins from e.g., Acidianus ambivalens and Metallosphaera sedula (Veith 
et al., 2009). In addition, the hamus subunit protein revealed a prominent beta sheet 
topology and thus might be primed for self-assembly )Makabe et al., 2006). Previous 
modeling of beta-rich structures has shown that conformational diversity over a large 
number of repeats can lead to significantly different self-assemblies therein (such as the 
formation of fibrils, films, and ribbons) and that their final structure is determined by the 
way inherent flexibility is maintained via beta-sheet twists and bends (Makabe et al., 2006). 

Although there is a remarkable lack of sequence similarity between archaeal S-layer 
proteins, which also limited the modeling possibilities, β-sandwich structures are obviously 
typical features of euryarchaeal S-layers (Arbing et al., 2012) and of S-layers from more 
distantly related archaea, such as Sulfulobales (Veith et al., 2009). Moreover, it is likely that 
the β-sandwich domains are structurally related to other proteins associated with 
enveloping functions not only in archaea but also in bacteria, fungi, and viruses, emphasising 
the general principle and self-assembly nature of beta-sheet rich proteins (Arbing et al., 
2012). In general, S-layer proteins (with a size range between 40 and 210 kDa; Sleytr et al., 
1997; Sára and Sleytr, 2000; König et al., 2007) are able to self-assemble into different 
lattices of oblique, tetragonal or hexagonal architecture—and can even exhibit complex, 
unusual structures, such as the tetrabrachion of Staphylothermus marinus (Engelhardt and 
Peters, 1998). This S-layer associated protein complex possesses umbrella-like thread 
morphology and distal branched quadrupled arms (Peters et al., 1995). The S-layer itself 
depicts p4-symmetry and the long stalks, which anchor the protein in the cytoplasmic 
membrane, form a 70 nm wide pseudoperiplasm. Furthermore, this membrane anchor is 
associated with a protease (STABLE; Peters et al., 1995), which might have a metabolic 
function for this species. Although the resemblance of tetrabrachion and hami appears 
striking, no similarity between both proteins could be shown on structural or sequence level. 

The assembly and secretion process of bacterial and archaeal S-layers appears multifarious 
and obviously has evolved independently in some, even closely related microorganisms, 
such as Aeromonas species (Pugsley, 1993; Noonan and Trust, 1995; Thomas, 1995; Wattiau 
et al., 1996). By secreting the premature protein into the periplasm, multimerization of the 
mature proteins in the cytoplasm is prevented. 

This mechanism of translocation strongly resembles the formation of type IV pili (Boot and 
Pouwels, 1996), where pilin precursors are inserted into the cytoplasmic membrane using 
the Sec translocation pathway (Arts et al., 2007; Francetic et al., 2007). After cleavage of the 
positively charged signal peptide the highly hydrophobic N-terminus of the mature pilin is 
exposed and provides a scaffolding interface for the assembly of the entire pilus structure 
(Bardy et al., 2003; Ng et al., 2007; Albers and Pohlschröder, 2009). A similar process was 
proposed for the formation of the hamus filaments (Probst et al., 2014b). 

Although the hamus seems to be formed by one major protein, the presence of other 
proteins involved in its assembly cannot be excluded. Even supposedly simple systems, such 
as bacterial type IV pili, are usually composed by several pilins and require a certain set of 
membrane-associated proteins at the basis of the pilus structure (Mattick, 2002; Craig et al., 
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2004; Nudleman and Kaiser, 2004). Additional hamus-associated proteins could possibly be 
identified via future co-immunoprecipitation assays, which could then help to understand 
assembly procedure of the hami and their potential function. 

Possible functional traits of the hamus subunit protein were revealed by our combined 
PSIPRED prediction with a fold recognition search, which revealed three hits, a cytoplasmic 
response regulator, a xyloglucanase or a human DNA-damage binding protein. Although a 
functional relation to the DNA damage surveillance proteins serving in the initial detection of 
UV lesions in vivo is difficult to draw for the hamus protein, the first two fold-homologs can 
be prudently associated with a functional relationship. Xyloglucanases, for instance, 
hydrolyze polysaccharides from the cellulose microfibrils in plant cell walls (Hayashi and 
Kaida, 2011). The enzymatic reaction is central to the plant carbon cycle and might also 
indicate a role of the hami for cell wall degradation and/or carbon metabolism of Ca. A. 
hamiconexum. 

Interestingly, the structure of the cytoplasmic response regulator revealed a substantial 
conformational change on ligand binding and signal transduction, which results in a scissor-
like closing. This conformation resembles the barb-like assembly at the hook of the hamus 
fibril structure, indicative of a signaling role in cell-cell interactions—a possible function of 
the hami, which had been discussed earlier (Perras et al., 2014). To date it is unclear, 
whether the hami are involved in other processes apart from cell attachment and biofilm 
formation. In particular, the anchorage and organization of the hami within the cell wall 
could not further be resolved using electron cryo-tomography, although it remains without 
doubt that the hami span both membranes. 

Due to the high similarity of the N-terminal amino acid sequence of the hamus subunit to 
known archaeal S-layer N-termini, one could even hypothesize about a divergent evolution 
of the hamus subunit protein from ancestral cell surface proteins and thus a conversion of a 
layered structure toward a filamentous arrangement—concomitant with a loss of the 
original surface layer and the development of a second membrane. However, it remains 
elusive if the two membranes of Ca. A. hamiconexum are different in their organization and 
whether a structural and compositional adaptation of the outer membrane has occurred due 
to the lack of an external S-layer. TOF-SIMS has confirmed that the membranes are mainly 
composed of diglycosidic diethers (C20-C20 archaeol and C20-C25 extended archaeol; Probst et 
al., 2014b). No clear indications of tetraether lipids are observed in the SIMS mass spectra, 
although trialkyl lipids may be present. Similar to the sodiated series of mono-, di- and tri- 
glycosylated diether lipid peaks revealed in this study are those of halophilic archaea, 
Haloarcula marismortui, by LC-atmospheric pressure ionization mass spectrometry (de Souza 
et al., 2009) . 

In recent years, the field of nanobiotechnology advanced tremendously and is providing an 
increasing number of strategies to apply natural biomolecules in nanotechnology. For 
instance, spider silk proved to exhibit extraordinary properties such as strength, elasticity, 
biocompatibility, and biodegradability and is thus of major interest in nanobiotechnology 
(Gerritsen, 2002). The spider silk protein could be used in biomedical applications such as 
coating of implants and drug delivery or scaffolds for tissue engineering (Schacht and 
Scheibel, 2014). However, due to limited availability, experiments with natural spider silk 
proteins proved complicated (Fox, 1975) and thus the recombinant production of 
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engineered spider silk proteins was pushed forward (Heidebrecht and Scheibel, 2012), 
including testing of several protein expression systems, with different results in protein yield 
and property (Chung et al., 2012). Overall, the recombinant expression of the spider silk 
proteins took researchers decades until a satisfactory result was obtained. Since the hamus 
subunit protein and the spider silk protein share common features, such as elasticity, 
robustness and high molecular weight (hami: 97 kDa; Moissl et al., 2005; spider silk protein 
250–320 kDa; Sponner et al., 2005; Ayoub et al., 2007), it is not surprising that preliminary 
overexpression attempts in Escherichia coli host strains failed so far. Recombinant 
expression of the spider silk protein resulted in insufficient yield, as conventional expression 
strains lacked the capacity of expressing proteins with high molecular weight (Chung et al., 
2012) . This obstacle was finally overcome by a metabolically engineered E. coli expression 
host, which overexpressed and assembled the silk protein into a strong fiber (Xia et al., 
2010). We suggest that a similar approach may be applicable to successful recombinant 
expression of the hami, which would pave the way for its exploitation in various fields of 
nanobiotechnology. 

The results presented in this communication emphasise the uniqueness of the altiarchaeal 
hami: their major protein revealed no similarities in sequence and structure to known 
microbial filament-forming proteins, but showed relationship to archaeal S-layers (in 
sequence) and beta-sheet protein complexes (in structure), that are widely found in classical 
macromolecular self-assembled structures. Thus, the hami and the altiarchaeal cell wall 
(with two membranes and without S-layer) could represent a divergent form of cell 
organization or even a missing link between euryarchaeal ancestors and the current forms of 
euryarchaeal life. 
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Abstract 

The International Space Station (ISS) represents a unique biotope for the human crew, but 
also for introduced microorganisms. Microbes experience selective pressures such as 
microgravity, desiccation, poor nutrient-availability due to cleaning and an increased 
radiation level. We hypothesised that the microbial community inside the ISS is modified by 
adapting to these stresses. For this reason, we analysed 8-12 years old dust samples from 
Russian ISS modules with major focus on the long-time surviving portion of the microbial 
community. We consequently assessed the cultivable microbiota of these samples in order 
to analyze their extremotolerant potential against desiccation, heat-shock and clinically 
relevant antibiotics. In addition, we studied the bacterial and archaeal communities from the 
stored Russian dust samples via molecular methods (Next Generation Sequencing, NGS) and 
compared our new data with previously derived information from the US American ISS dust 
microbiome. We cultivated and identified in total 85 bacterial, non-pathogenic isolates (17 
different species) and 1 fungal isolate from the 8-12 year old dust samples collected in the 
Russian segment of the ISS. Most of these isolates exhibited robust resistance against heat-
shock and clinically relevant antibiotics. Microbial 16S rRNA gene and archaeal 16S rRNA 
gene targeting Next Generation Sequencing showed signatures of human-associated 
microorganisms (Corynebacterium, Staphylococcus, Coprococcus etc.), but also specifically 
adapted extremotolerant microorganisms. Besides bacteria, the detection of archaeal 
signatures in higher abundance was striking. Our findings reveal: (i) the occurrence of living, 
hardy microorganisms in archived Russian ISS dust samples, (ii) a profound resistance 
capacity of ISS microorganisms against environmental stresses and (iii) the presence of 
archaeal signatures on board. In addition, we found indications that the microbial 
community in the Russian segment dust samples was different to recently reported US 
American ISS microbiota. 

Keywords: International Space Station, Microbiome, Confined habitat, Archaea, 

Extremotolerant 

 

Introduction 

The international space station (ISS) is a highly unusual working place. Completely sealed off 
from the outside, crews of three to ten astronauts and cosmonauts have routinely inhabited 
the modules since 2000 – as have billions of microorganisms. The ISS represents the most 
confined, man-made inhabited environment to date, characterized by radiation levels higher 
than on Earth, low nutrient levels due to reduced introduction of organic material, constant 
temperature (approx. 22°C), stable humidity (approx. 60%) and microgravity (Mora et al., 
2016a). 

The majority of the microorganisms detected on board the ISS are human-associated (as 
reviewed in Moissl-Eichinger et al., 2016a; Mora et al., 2016a) and the ISS microbiome thus 
resembles the microbiome of indoor environments on Earth (Coil et al., 2016). Next to 
human-derived (opportunistic) pathogens (Venkateswaran et al., 2014; Checinska et al., 
2015), also technophilic microorganisms, which are able to corrode spacecraft materials 
(Novikova et al., 2001; Novikova, 2004; Alekhova et al., 2005; Alekhova et al., 2015), 
potentially inhabit the interior of the ISS. Therefore, the ISS microbial community is under 
constant surveillance to ensure the health of the human crew working on-board, as well as 
to evaluate potential risk factors for the integrity of the ISS materials and its function. 



III.3. Resilient microorganisms in dust samples of the International Space Station – Survival of 
the adaptation specialists 

- 73 - 
 

NASA (National Aeronautics and Space Administration) has identified that knowledge of the 
ISS microbiome is a major target for ongoing and future research studies. There is particular 
interest on the response of microbial communities to selective pressures such as 
microgravity, which could induce severe changes and adaptation processes (NASA, 2016). 

Recent studies assessed the ISS dust microbiota using Next Generation Sequencing (NGS) 
techniques (Venkateswaran et al., 2014) and compared the microbial diversity with ground 
control samples (Checinska et al., 2015). The authors confirmed the anticipated composition 
of the ISS microbiota, as representing a typical human-associated community (Checinska et 
al., 2015). This observation appears logical due to the tremendous impact of the human 
microbiota on the environment (e.g. the human body spreads 106 bacteria per hour through 
breathing (Qian et al., 2012) and the severe restriction of other potential microbe sources. 
The major bacterial phyla detected by NGS-based methods were Firmicutes, Actinobacteria 
and Proteobacteria (Checinska et al., 2015), with the dominant genera Corynebacterium and 
Propionibacterium, representing typical human skin associated microorganisms (Grice et al., 
2009). Besides NGS, cultivation-based approaches were also applied, which resulted in a high 
number of Bacillus and Staphylococcus isolates (Checinska et al., 2015). 

Standardised monitoring of surface and air samples on board the ISS as well as more 
detailed post-flight investigations have been and are currently being conducted (e.g. NASAs 
Microbial Observatory Project). Another recent project, Merccuri (Microbial Ecology 
Research Combining Citizen and University Researchers on the ISS), studied 48 bacterial 
strains that were transferred from Earth environments to the ISS (Coil et al., 2016). For most 
of the cultures, the researchers found no significant change with respect to growth rate 
during the few days incubation time, except for Bacillus safensis, which grew 60% better in 
space than on Earth (Coil et al., 2016). However, selective pressures (desiccation, radiation, 
chemical and physical stresses) on board the ISS could cause an adaptation of the indigenous 
microbiota towards ISS conditions during a longer timeframe (Bruce et al., 2005; Ott et al., 
2012).  

The questions concerning a possible adaptation of microorganisms towards ISS stresses are 
addressed within an ESA flight project originally named “ARBEX” (Archaeal and Bacterial 
Extremophiles on board the ISS) now “Extremophiles” (Moissl-Eichinger et al., 2016a), which 
aims to analyze the adaptation processes of moderate and extremotolerant Bacteria and 
Archaea on the ISS. Thus far, Archaea have not been found in samples from the ISS 
(Checinska et al., 2015), but have frequently been detected in human-associated 
environments and clean rooms (Moissl-Eichinger, 2011), as they are integral part of the 
human skin and gut microbiota (Probst et al., 2013a; Gaci et al., 2014) and can therefore also 
be expected on board the ISS. 

The ARBEX project focuses on the hardiest microorganisms inhabiting the ISS, and assessing 
their diversity and capabilities to resist certain stresses. For this study, we specifically 
selected dust samples from the Russian modules that were obtained 8-12 years ago, and 
stored since then under dried and sealed conditions on Earth. Targeting long-time survivors 
and spore-forming microorganisms, we consequently assessed the cultivable microbial 
community of these samples, in order to obtain model microbial strains that could be 
utilized in analyzing specific adaptation towards environmental stresses, such as desiccation 
and lack of nutrients. We analyzed these microorganisms with respect to their resistance to 
thermal stress and clinically relevant antibiotics. In addition, we assessed the bacterial and 
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archaeal communities from the stored dust samples via molecular methods (Next 
Generation Sequencing, NGS) and compared our new data with the previously derived 
information from the ISS microbiome (Checinska et al., 2015).  

 

Materials and methods 

Origin of samples. Extracts of different ISS samples obtained from the Russian Service 
Module of the ISS were provided by T. Alekhova and her team. Dust samples were retrieved 
during ISS-expedition 9 in October 2004 and during ISS-expedition 16 in April 2008: Sample 
1: “Dust filter-1 (2004)”, dust filter of ventilation system (internal abbreviation: RISS1); 
Sample 2: “Dust filter-2 (2004)”, dust filter of ventilation system (internal abbreviation: 
RISS4); Sample 3: “Dust collector (2004)”, from vacuum cleaner (internal abbreviation: 
RISS5); Sample 4: “Dust filter (2008)”, dust filter of ventilation system (internal abbreviation: 
RISS3); Sample 5: “Dust collector (2008)”, from vacuum cleaner (internal abbreviation: 
RISS2). During the entire time after retrieval, the vacuum cleaner bags and dust filters were 
stored sealed (never opened since sampling on the ISS), under dry conditions at ambient 
temperature. Culture controls done from an unused, sterile dust collector and dust filter 
were negative. 

Dust Extraction protocol. For extraction, a 0.9% w/v NaCl solution was prepared using heat-
treated NaCl (24 hours, 250°C, in order to degrade remnants of contaminating DNA) and 
autoclaved PCR-grade water (LiChrosolv, Merck Millipore). Three 5-10 cm² pieces of fabric 
were aseptically cut out of the vacuum cleaner bags and dust filters and submerged in 15 ml 
0.9% DNA-free NaCl solution.  

The fabric pieces in solution were then vortexed for 10 s, manually shaken for 15 s, ultra-
sonicated at 40 kHz for 2 min and finally vortexed for 10 s to detach the dust from the fabric. 
The fabric was aseptically removed from the solution, and resulting suspension and solid 
fabric pieces were used for cultivation and molecular analyses. 

Cultivation assays. The solid fabric was placed on aerobic R2A plates (pH7; BDH Prolabo®), 
whereas the homogeneous dust suspensions were used to inoculate different culture media 
in duplicates. The media used are given in Table III.3-1. Liquid media were inoculated once 
with 500 µl and once with 250 µl of the dust suspension and solid media were inoculated 
once with 200 µl and once with 100 µl of the dust suspension. Since the focus was to isolate 
bacterial and archaeal isolates, all aerobic media were supplemented with a final 
concentration of 50 µg/ml nystatin to suppress fungal growth.  
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Table III.3-1 List of used media and conditions 
Medium  Phase pH Incubation 

temperature 
Gasphase Abbreviation Target 

organisms 
Medium 
reference 

R2A agar pH5 Solid 5 30°C aerobic 
(ambient) 

pH5 Acidophiles - 

R2A agar pH9 Solid 9 30°C aerobic 
(ambient) 

pH9 Alkaliphiles - 

R2A agar pH7 Solid 7 30°C aerobic 
(ambient) 

pH7F Heterotrophs - 

RAVAN pH7 for oligotrophs Solid 7 30°C aerobic 
(ambient) 

RAV Oligotrophs Patolel and 
Phadnis, 2000 
(modified*) 

DSMZ_Medium97 for halophiles Liquid 7.5 40°C aerobic 
(ambient) 

Halo Halophiles DSM 97 
(www.dsmz.de) 

R2A pH7 liquid Liquid 7 30°C N2 pH7an Anaerobes - 

Medium for methanogens Liquid 7 40°C H2CO2 

(80:20) 
MS Methanogens Balch et al., 

1979 

MS supplemented with 0.1% yeast extract 
and 0.1% acetate 

Liquid 7 40°C H2CO2 

(80:20) 
MS_sup Methanogens - 

Archaea-supporting liquid medium Liquid 7 30°C N2 ASM Archaea Stieglmeier et 
al., 2009** 

ASM supplemented with 0.1% yeast extract 
and 0.1% acetate 

Liquid 7 30°C N2 ASM_sup Archaea - 

autotrophic all-rounder liquid medium Liquid 7 30°C N2CO2 
(80:20) 

AAM Autotrophs Stieglmeier et 
al., 2009** 

autotrophic homoacetogen liquid medium Liquid 7.5 30°C H2CO2 

(80:20) 
AHM Autotrophs Stieglmeier et 

al., 2009** 

* 1:100 diluted, final concentration of 50 mg/l sodium pyruvate instead of 20 mg/l pyruvic acid  

** Without addition of antibiotics 

 

Pure cultures were obtained via repeated dilution series in liquid medium and purification 
streaks on solid media. Positive enrichments of medium pH7 were transferred to anaerobic 
R2A plates and then purified by purification streaks. 

Identification of isolates. Partial 16S rRNA genes of the isolates were amplified using the 
primers 9bF (5´- GRGTTTGATCCTGGCTCAG-3´) and 1406uR (5´- ACGGGCGGTGTGTRCAA-3´), 
applying the following cycling conditions: initial denaturation at 95°C for 2min, followed by 
10 cycles of denaturing at 96°C for 30s, annealing at 60°C for 30s and elongation at 72°C for 
60s, followed by another 25 cycles of denaturing at 94°C for 30s, annealing at 60°C for 30s 
and elongation at 72°C for 60s and a final elongation step at 72°C for 10 min (Stieglmeier et 
al., 2012). The template was either a small fraction of a picked colony in a colony-PCR assay 
or 5-20ng of DNA purified from culture via the peqGOLD Bacterial DNA Kit (peqlab, 
Germany). The 16S rRNA gene amplicons were Sanger-sequenced (Eurofins, Germany) and 
the obtained sequences were classified using the EzTaxon identification service at 
http://www.ezbiocloud.net/eztaxon (Kim et al., 2012). 

The ITS sequence of one fungal isolate was sequenced using the primers ITS1F (5´-
CTTGGTCATTTAGAGGAAGTAA-3´) and ITS4 (5´-TCCTCCGCTTATTGATATGC-3´) and following 
cycling conditions: initial denaturation at 95°C for 10min, followed by 35 cycles of denaturing 
at 94°C for 60s, annealing at 51°C for 60s, elongation at 72°C for 60s, and a final elongation 
step at 72°C for 8min. The amplicons were Sanger-sequenced (Eurofins, Germany) and the 
obtained sequence was classified using the EzFungi identification service at 
http://www.ezbiocloud.net/ezfungi/. 

http://www.ezbiocloud.net/eztaxon
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DNA extraction of original samples and incubation experiment. After aliquots were 
removed for cultivation assays, the remaining dust suspension was centrifuged at 16000 g to 
concentrate the remaining dust particles and microorganisms, which were then re-
suspended in three aliquots of 0.5 ml of the supernatant. One aliquot was directly frozen at -
80°C, and one was treated with an end concentration of 50 µM propidium monoazide 
(PMA), to block free DNA of dead cells from downstream applications (Vaishampayan et al., 
2013) before freezing.  

One aliquot was mixed with 0.5 ml of pre-warmed 30°C LB medium and incubated at 30°C 
for 1.5 hr prior to direct DNA extraction with the aim of increasing the biomass and possibly 
triggering the germination of spores, which have been reported to resist state-of-the-art 
DNA extraction methods (Venkateswaran et al., 2014). DNA was extracted using the 
modified XS-Buffer method as described previously (Moissl-Eichinger, 2011). DNA 
concentrations were determined using Qubit, and DNA was afterwards subjected to PCR. 

Molecular microbial diversity analysis using next generation sequencing methods. To 
investigate the detectable molecular diversity we used a “universal” and an Archaea-
targeting approach. The 16S rRNA gene amplicons for the universal approach were amplified 
using Illumina-tagged primers F515 (5´-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
GTGCCAGCMGCCGCGGTAA-3´) and R806 (5´-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
GGACTACHVGGGTWTCTAAT-3´; Caporaso et al., 2012). Archaeal amplicons were obtained 
via a nested approach (Probst et al., 2013a): First, a ~550 bp-long 16S rRNA gene amplicon 
was created via the primers Arch344F (5´-ACGGGGYGCAGCAGGCGCGA -3´) and Arch915R(5´-
GTGCTCCCCCGCCAATTCCT -3´; Stahl and Amann, 1991; Raskin et al., 1994) and in a second 
PCR the amplicons for Illumina sequencing were generated by the tagged primers S-D-Arch-
0349-a-S-17 (5´-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG GYGCASCAGKCGMGAAW-3´) 
and S-D-Arch-0519-a-A-16 (5´-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
TTACCGCGGCKGCTG-3; Stahl and Amann, 1991, using the purified product of the first PCR as 
template (Probst et al., 2013a).  

The cycling conditions for the universal approach were: initial denaturation at 94°C for 3 
min, followed by 35 cycles of denaturing at 94°C for 45s, annealing at 60°C for 60s and 
elongation at 72°C for 90s and a final elongation step at 72°C for 10 min. For the first PCR of 
the nested archaeal approach the cycling conditions were initial denaturation at 95°C for 2 
min, followed by 10 cycles of denaturing at 96°C for 30s, annealing at 60°C for 30s and 
elongation at 72°C for 60s, followed by another 15 cycles of denaturing at 94°C for 30s, 
annealing at 60°C for 30s and elongation at 72°C for 60s, and a final elongation step at 72°C 
for 10 min. For the second amplification the cycling conditions were initial denaturation at 
95°C for 5 min, followed by 25 cycles of denaturing at 95°C for 40s, annealing at 63°C for 
120s and elongation at 72°C for 60s, and a final elongation step at 72°C for 10 min. 

Library preparation and sequencing were carried out at the Core Facility Molecular Biology 
at the Center for Medical Research at the Medical University Graz, Austria. In brief, DNA 
concentrations were normalized using a SequalPrep™ normalization plate (Invitrogen), and 
each sample was indexed with a unique barcode sequence (8 cycles index PCR). After 
pooling of the indexed samples, a gel cut was carried out to purify the products of the index 
PCR. Sequencing was done using the Illumina MiSeq device and MS-102-3003 MiSeq® 
Reagent Kit v3-600cycles (2x251 cycles). 
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Antimicrobial susceptibility tests. Nineteen of the isolates were selected for antimicrobial 
susceptibility testing and heat-shocks based on their phylogeny and on differences in 
phenotypical appearance. Antimicrobial susceptibility testing for selected, clinically relevant 
antibiotics (Table III.3-2) was performed using Etest® reagent strips (Biomérieux, Germany) 
according to instructions of the manufacturer. Since there were no species specific 
breakpoints available, MICs were interpreted according to EUCAST guideline table "PK/PD 
(Non-species related) breakpoints" ( 
media/PDFs/EUCAST_files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf, 2016).  

Table III.3-2 Antibiotics used in this experiment (additional information: http://www.antibiotics-info.org/; 
Grayson, 2010). 

Antibiotic substance 
 

Type Mechanism of action Target group Concentrations 
applied [µg/ml] 

Amoxicillin/ clavulanic 
acid 

β-lactam antibiotic 
(penicillin) and β-
lactamase inhibitor 

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ and Gram- 
bacteria 

0.016-256 

Ampicillin β-lactam antibiotic 
penicillin 

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ and Gram- 
bacteria 

0.016-256 

Cefotaxime β-lactam antibiotic; 
Cephalosporin  

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ and Gram- 
bacteria 

0.016-256 

Ceftriaxone β-lactam antibiotic; 
Cephalosporin 

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ and Gram- 
bacteria 

0.016-256 

Ciprofloxacin Fluoroquinolone Inhibits bacterial DNA gyrase; bactericidal Gram+ and Gram- 
bacteria 

0.002-32 

Clarithromycin Macrolide Inhibits protein synthesis; bacteriostatic Gram+ and Gram- 
bacteria 

0.016-256 

Clindamycin Lincosamide inhibits protein synthesis; bacteriostatic Gram+ and anaerobic 
Gram- 
bacteria 

0.016-256 

Colistin Polypeptide antibiotic; 
polymyxin 

Attacks cell membrane; bactericidal Gram- bacteria 0.016-256 

Doxycycline Polyketide antibiotic; 
tetracycline 

inhibits protein synthesis; bacteriostatic; Gram+ and Gram- 
bacteria 

0.016-256 

Gentamicin Aminoglycoside inhibits protein synthesis; bactericidal Gram- and some 
Gram+ bacteria 

0.016-256 

Levofloxacin Fluoroquinolone Inhibits bacterial DNA gyrase; bactericidal Gram+ and Gram- 
bacteria 

0.002-32 

Linezolid Oxazolidinone inhibits protein synthesis; bacteriostatic Gram+ bacteria 0.016-256 

Meropenem β-lactam antibiotic 
carbapenem 

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ and Gram- 
bacteria 

0.002-32 

Moxifloxacin Fluoroquinolone Inhibits bacterial DNA gyrase; bactericidal; Gram+ and Gram- 
bacteria 

0.002-32 

Penicillin G β-lactam antibiotic 
penicillin 

Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ bacteria 0.016-256 

Trimethoprim/sulfam
ethoxazole 

Dihydrofolate reductase 
inhibtor and 
sulfonamide 

Inhibits tetrahydrofolate synthesis; 
bactericidal 

Gram+ and Gram- 
bacteria 

0.002-32 

Vancomycin Glycopeptide antibiotic Inhibits cell wall synthesis; bactericidal 
against growing bacteria 

Gram+ bacteria 0.016-256 

 

In brief, overnight cultures (2-3 day cultures for slower-growing bacteria) were suspended in 
0.9% saline to a turbidity of McFarland 0.5. 100 µl of this suspension was plated on 
standardized Müller-Hinton agar for antimicrobial susceptibility testing (Becton Dickinson). 
Etest® reagent strips were placed on the plates followed by aerobic incubation for 18 +/-2h 
at 34°C. Two strains were tested four times (in duplicate) on R2A pH7 and incubated for 48h 
at 34°C, because of their inability to grow on Müller Hinton medium and their intrinsic slow 
growth. 
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Heat-shock resistance test. The heat-shock test was carried out according to ESA standards 
(ECSS, 2008). This test is usually applied to quantify the bioburden of spacecraft, in order to 
identify hardy microorganisms that are potentially able to survive a spaceflight to other solar 
bodies. In brief, single colonies of 1-2 day old cultures were suspended in two test tubes 
containing 2.5 ml sterile phosphate buffered saline (PBS). As a control, one tube was kept at 
room temperature during the procedure. The other tube was placed in an 80°C water bath 
and exposed for 15 minutes. Samples were immediately cooled down on ice for 5 min after 
incubation time. 

The temperature was monitored using a separate pilot tube containing 2.5 ml PBS also in the 
water bath. Afterwards 0.5ml of the heat-shocked suspension and 0.5ml of the room 
temperature suspension were plated and incubated at 30°C for three days (72 h).  

Negative controls. Negative controls were performed thouroughly. Cultivation, extraction, 
PCR and sequencing controls were analysed in parallel with the processing of the samples. 
Cultivation controls were performed on two levels. First, the same, unused material (dust 
collector, dust filter material) as was used on the ISS was placed on cultivation medium. 
Secondly, extraction blanks were processed in parallel to the ISS material. All cultivation 
controls were negative (no growth of colonies). Extraction blanks used for DNA extraction, 
PCR and sequencing revealed a low number of ribosomal sequence variants (RSVs, see 
below). These RSVs were removed from all datasets, if present in the samples (the removed 
RSVs are highlighted in Supplementary Tables 1 and 2). 

Bioinformatical analysis and data processing. Demultiplexed, paired reads were processed 
in R (version 3.2.2) using the R package DADA2 as described previously (Callahan et al., 
2016a). In brief, sequences were quality checked, filtered and trimmed to a consistent length 
of ~270 bp (“universal” primer set) and ~140 bp (“archaea” primer set). The trimming and 
filtering was performed on paired reads with a maximum of two expected errors per read 
(maxEE=2). Passed sequences were dereplicated and subjected to the DADA2 algorithm to 
identify indel-mutations and substitutions. After merging paired reads and chimera filtering, 
the sequences were assigned to a taxonomy using the RDP classifier and the SILVA v.14 
trainset. The visualization was carried out using the R package phyloseq (McMurdie and 
Holmes, 2013; Callahan et al., 2016b), metabolic pathways were predicted using the R 
package Tax4Fun (Aßhauer et al., 2015). Biostatistical analyses were performed using STAMP 
(Parks et al., 2014). 

In contrast to previously described data processing pipelines such as QIIME (Caporaso et al., 
2010) and mothur (Schloss et al., 2009) the DADA2 output Table was not produced based on 
a clustering step and thus no operational taxonomic units (OTUs) were generated. Each row 
in the DADA2 output Table corresponds to a non-chimeric inferred sample sequence, each 
with a separate taxonomic classification (ribosomal sequence variants; RSVs; Callahan et al., 
2016a). In addition, the merging step occurs after denoising, which increases accuracy. 

In order to compare our results to the recently published microbial community of US 
American ISS HEPA filter particulates and vacuum cleaner bag components (ISS Debris; 
Checinska et al., 2015) the protocol was changed as follows: Checinska et al. could not 
merge the forward and reverse reads using the software mothur (Schloss et al., 2009) and 
also the DADA2 approach, which we applied, did not result in a sufficient amount of merged 
sequences (data not shown). For the sake of comparability, we reanalysed the datasets of 
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Checinksa et al., 2015 containing dust samples (i.e. “ISS HEPA total”, “ISS HEPA viable”, “ISS 
Debris total” and “ISS Debris total”) and our dataset in parallel, by using only high quality 
forward reads (length ~130 bp, quality score: >30). This approach was in congruence with 
the data processing as described in Checinska et al., 2015.  

For phylogenetic tree construction, the sequence data set was aligned and processed in 
MEGA 6 (Tamura et al., 2013). Alignment was minimized and cropped to the core area, on 
which tree calculation (maximum likelihood) was based on. The obtained tree and the data 
were visualized using iTOL (Letunic and Bork, 2007). The Venn diagram was created using the 
online tool InteractiVenn (Heberle et al., 2015) . 

Data availability. Sequencing datasets as well as partial 16S rRNA gene sequences of 
bacterial isolates and ITS1 sequence of the fungal isolate were submitted to the European 
Nucleotide Archive and are publicly available. Sequencing datasets are assigned the study 
project number PRJEB14961 and samples are named according to internal abbreviations 
RISS1-5 as described in the chapter “Origin of samples”. The accession numbers assigned to 
the partial 16S rRNA gene sequences and ITS1 sequence are LT617056-LT617090 
(http://www.ebi.ac.uk/ena/data/view/LT617056-LT617090). 

 

Results 

The International Space Station is an extreme working and living environment. It is 
completely sealed off from the outside and thus exhibits a unique combination of chemical 
and physical parameters that act on all abiotic and biotic matter. To date, the effect on the 
human body or on the microbial community therein is only sparsely studied. However, we 
hypothesise that the microbial community thriving and surviving inside of the International 
Space Station becomes adapted to desiccation and other stresses. For this reason, we 
analysed 8-12 year old dust samples from Russian ISS modules with respect to the cultivable 
portion of the microorganisms and the microbial community composition of these old 
samples. The retrieved microbial isolates were analysed with respect to their resistance 
towards heat-shocks and antibiotics. Overall, our data were compared to recently obtained 
results from present day ISS samples (Checinska et al., 2015). 

Numerous bacteria survive long-term archiving of International Space Station dust 
samples. We applied a variety of different culture media to retrieve microbial isolates from 
ISS samples. The culture media supported slightly acidotolerant, alkalitolerant, and 
oligotrophic microorganisms, respectively, but also provided growth conditions for 
autotrophs and anaerobic microbes. Overall, 85 bacterial isolates were obtained (Table III.3-
3) which could be assigned to eight genera. In spite of the nystatin applied to prevent fungal 
growth, we also obtained one single fungal isolate from “Dust filter-2 (2004)” on R2A pH9. 
The fungal isolate was classified according to its internal transcribed spacer (ITS) sequence as 
Ulocladium botrytis.  

http://www.ebi.ac.uk/ena/data/view/LT617056-LT617090
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Table III.3-3 Number of bacterial isolates obtained on different cultivation media 

 Number of microbial isolates obtained on culture media 

 Sample origin 
R2A 
pH5 

R2A 
pH9 

R2A 
pH7F 

R2A 
pH7 anox 

DSM97 
„Halo“ 

MS_sup ASM_sup total 

1: Dust filter-1 (2004) 5 0 3 0 0 0 0 8 

2: Dust filter-2 (2004) 5 0 2 0 0 0 0 7 

3: Dust collector (2004) 10 7 3 3 0 2 1 26 

4: Dust filter (2008) 5 1 4 0 0 0 0 10 

5: Dust collector (2008) 14 11 3 3 1 2 0 34 

Total 39 19 15 6 1 4 1 85 

 

The highest percentage of isolates (46%) was obtained from R2A agar with pH5, thus 
indicating a preference of slightly acidic growth conditions compared to pH9 (22%) and pH7 
(18%). Additional growth was observed at pH7 under anoxic conditions, whereas only a few 
isolates were obtained under high-salt concentrations (18% NaCl, Salinibacillus aidingensis), 
or in liquid MS_sup or ASM_sup medium. Only 7 isolates were obtained from the “Dust 
filter-2 (2004)” sample, the highest amount of isolates was obtained from the “Dust collector 
(2008)” sample. 

Overall, 34 bacterial isolates were found to be unique with respect to their 16S rRNA gene, 
which are displayed according to their phylogeny, preferred culture medium and sample 
origin in Figure III.3-1.  

Notably, isolates from dust filter samples were non spore-forming Proteobacteria 
(Cupriavidus, Methylobacterium, Bradyrhizobium) and Actinobacteria (Micrococcus), 
whereas spore-forming species (Firmicutes, mainly Bacillus representatives) were isolated 
from dust collector samples only. These 34 different bacterial strains were assigned to 17 
different species, which are listed in Supplementary Table 3, together with isolates obtained 
by Checinska et al. 2015.  

ISS isolates were found to be resistant against desiccation, heat-shock and some common 
clinically applied antibiotics. All isolates obtained had been stored in dust/dust filters for at 
least 8 years before the cultivation experiments were performed. Since they were stored 
under dry conditions, all cultured strains can be assumed to be desiccation resistant.  

For the heat-shock resistance and antibiotic susceptibility tests, 19 representative isolates 
were selected from our pool. Following the NASA and ESA guidelines for bioburden 
detection in clean rooms and on spacecraft (ECSS, 2008), cultures were exposed to a heat-
shock (15 min, 80°C). This heat-shock is currently used by the named space agencies in order 
to determine the resistance to environmental stresses and to analyse whether 
microorganisms are possible candidates to survive space flight for planetary protection 
considerations. 16 out of 19 isolates survived the heat-shock treatment, as indicated in 
Figure III.3-1 (filled stars). All spore-forming microorganisms of the genera Bacillus and one 
Paenibacillus were able to survive the treatment, whereas Methylobacterium, Cupriavidus 
and Micrococcus could not be re-grown afterwards. Notably, a few cells (three colonies 
instead of bacterial lawn as observed for spore-formers and positive control) of 
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Bradyrhizobium, although representing a non-spore-forming Alphaproteobacterium, 
survived the heat-shock. 

 

Figure III.3-1 Maximum-likelihood tree based on the unique 16S rRNA gene sequences of the ISS isolates. 
Circles indicate the medium they were cultivated in. Squares refer to the sample origin. Stars indicate the heat-
shock resistance of the isolates (filled star: survived heat-shock at 80°C for 15 min; empty star: did not survive 
heat-shock; others were not tested). Tree was constructed using MEGA6 (Tamura et al., 2013) and displayed by 
iToL (Letunic and Bork, 2007). 

 

Seventeen clinically relevant antibiotics (see Table III.3-4) were selected for susceptibility 
testing of the 19 selected microbial isolates. When applicable, the antimicrobial resistance 
was assessed using the most recent update of the EUCAST expert rules ( www.eucast.org; 
Breakpoint Table for bacteria v6.0, January 2016). The results of the antibiotics-resistance 
tests are summarized in able III.3-2 (see also Supplementary Figure S1). 

All strains were transferred to Müller-Hinton agar and antibiotic tests were performed using 
this medium, with the exception of two strains: Methylobacterium tardum and 
Bradyrhizobium erythrophlei, as they resisted growing under these conditions. For these two 
strains, we used R2A and an incubation time of 48 hours. Both strains revealed, under 
adapted conditions, robust resistances against numerous antibiotics. All strains revealed 
resistance against at least one antibiotic compound above the non-species specific EUCAST 
threshold, except Micrococcus yunnanensis.  
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Table III.3-4 Minimal inhibitory concentrations for the tested isolates. 

Italic underlined: sensitive according to non-species related breakpoints of EUCAST; Bold: resistant according to non-species related breakpoints of EUCAST; * grew at the tested 

maximum concentration of the respective antibiotic; concentrations given in: µg/ml. Slow growing M. tardum and B. erythrophlei were tested on R2A medium with 2 days 

incubation time since they did not grow at all on MH medium. 
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Max. Concentration: 256 µg/ml 

Amoxicillin/ 
clavulanic acid 

2 256* 1.5 2 3 0.5 7 3 0.25 0.75 2 0.19 3 16 12 0.19 3 256* 2 

Cefotaxime 12 256* 1 2 8 16 64 256* 128 0.75 16 32 256* 24 32 32 256* 12 32 

Ceftriaxone 1.5 256* 0.5 1.5 0.38 12 256* 32 16 0.19 4 12 24 24 12 8 64 12 48 

Linezolid 256* 256* 256* 1 1 0.75 1 2 1.5 1 0.75 1 2 1.5 1 1 2 6 1 

Penicillin G 3 256* 3 8 0.75 0.5 256* 0.38 0.064 0.094 256* 24 0.25 24 6 4 0.75 24 1 

Ampicillin 256* 256* 1.5 2 3 16 256* 2 0.25 0.5 1.5 24 2 24 8 2 3 256* 2 

Colistin 256* 256* 24 32 32 64 64 48 12 2 32 3 24 32 32 64 24 48 16 

Clarithromycin 2 256* 2 0.094 0.064 0.064 0.38 0.125 0.064 4 0.064 256* 0.5 0.064 256* 256* 0.032 256* 0.032 

Clindamycin 256* 256* 256* 0.5 0.75 0.5 12 3 2 0.25 24 256* 4 4 8 1 4 256* 2 

Doxycycline 1.5 256* 0.064 0.047 0.094 0.19 0.25 0.19 0.094 0.25 0.064 0.25 0.125 0.125 0.25 0.75 0.38 0.125 0.19 

Gentamicin 8 96 32 0.094 0.094 0.75 0.38 0.125 0.064 0.38 0.5 0.064 0.094 0.19 0.75 0.125 0.064 0.75 0.064 

Vancomycin 256* 256* 0.75 256* 1 2 3 1.5 1 0.19 2 0.75 0.75 1 8 2 2 4 1.5 

Max. Concentration: 32 µg/ml 

Ciprofloxacin 6 32* 0.016 0.047 0.064 0.064 0.125 0.19 0.094 0.75 0.032 0.75 0.094 0.094 0.047 0.19 0.125 0.125 0.125 

Levofloxacin 3 32* 0.047 0.094 0.125 0.094 0.19 0.25 0.125 1.5 0.094 2 0.125 0.094 0.064 0.38 0.125 0.094 0.094 

Meropenem 32* 32* 0.125 0.064 0.19 0.094 0.19 0.25 0.094 0.47 0.094 1 0.25 19 19 0.38 0.38 3 0.38 

Moxifloxacin 0.25 32* 0.023 0.016 0.047 0.023 0.032 0.640 0.016 0.38 0.008 0.5 0.023 16 0.012 0.032 0.025 0.047 0.023 

Trimethoprim/ 
sulfamethoxazole 

32* 32* 0.064 0.125 0.19 0.19 0.19 0.004 0.004 0.5 0.032 0.047 0.094 0.032 0.032 0.094 0.006 0.75 0.004 
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We tested six different β-lactam antibiotics of which the cephalosporins cefotaxime and 
ceftriaxone as well as penicillin G were found to be most ineffective against the ISS isolates, since 
almost all microbial strains exceeded their resistance breakpoints or at least the intermediate 
breakpoints (see Table III.3-4 and Supplementary Figure S1A).  

Molecular, NGS-based analysis revealed the presence of a broad bacterial and archaeal 
diversity. Aliquots of the same samples that were used for the cultivation approach were 
subjected to molecular analyses. We followed three different approaches. A) Samples were 
processed untreated, B) Samples were exposed to liquid growth medium (LB) for 1.5 h (30°C) in 
order to increase biomaterial and trigger spore germination (incubated samples), C) Samples 
were treated with propidium monoazide (PMA) to mask background DNA from disrupted cells 
(Nocker et al., 2007). PMA treated samples (C) did not reveal any signals after DNA extraction 
and PCR, using “universal” and archaea-targeting primer sets, although cultivation from these 
samples was successful. However, all samples that underwent the incubation treatment (B) 
resulted in reasonable PCR product yields. Untreated samples (A) resulted in positive archaeal 
amplicon generation for 4 out of 5 samples, namely “dust filter-1 (2004)”, ”dust collector 
(2004)”, ”dust filter (2008)” and ”dust collector (2008); 3 out of 5 samples resulted in positive 
“universal” amplicon generation (“dust filter-1 (2004)”, “dust filter (2008)”, “dust collector 
(2008)”). 

“Universal” and “archaeal” amplicons were subjected to next generation sequencing (Illumina 
MiSeq). Raw reads were processed using DADA2. It should be noted that DADA2 does not 
perform a clustering step, thus does not produce operational taxonomic units (OTUs). Each 
sequence obtained corresponds to a unique taxonomic classification (ribosomal sequence 
variant; RSV). 

In total, 203,667 high quality sequence counts were obtained of the four positive archaeal 
approaches (length >140 bp), representing 9 different RSVs. Amongst the four samples, the “dust 
collector (2004)” yielded the highest number of sequence counts (102,782). The “dust filter-1 
(2004)” sample and the “dust collector (2008)” sample resulted in 71,203 and 29,600 archaeal 
sequence counts, respectively, whereas the lowest number was observed in the “dust filter 
(2008)” sample (82 sequence counts). As a consequence, the “dust filter (2008)” sample revealed 
the lowest richness, the lowest Shannon Index, and the lowest InvSimpson Index (Supplementary 
Figure 2). The highest archaeal richness was observed in the “dust filter-1 (2004)” sample (8 
RSVs). 

Overall, sequences assigned to Thaumarchaeota (Nitrososphaera sp.), Euryarchaeota 
(Methanobrevibacter sp.) and Woesearchaeota were found in the ISS samples (Figure III.3-2).  
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Figure III.3-2 Archaeal maximum likelihood tree: detected taxa in different samples of ISS. 

 

Methanobrevibacter sequences could be detected in a very low abundance in “dust filter-1 
(2004)” and also in “dust filter (2008)”, where all obtained 82 sequence reads belonged to the 
genus Methanobrevibacter (see also Supplementary Table 4). Unclassified Woesearchaeota 
signatures were found in “dust filter-1 (2004)” at very low abundance (<0.1% of sample) and in 
“dust collector (2008)” with a very high abundance (>99.9% of sample; 14.5% of all archaeal 
sequence counts). Nitrososphaera signatures (Thaumarchaeota) were detected in two samples in 
a high abundance (“dust filter-1 (2004)” and “dust collector (2004)”), but were not observed in 
other samples. Furthermore, thaumarchaeal signatures were also detected in sequence data 
derived from amplicons produced with the universal primer pair. In particular, they were 
detected in untreated samples of “dust filter-1 (2004)”, in agreement with the archaea-targeting 
approach mentioned above. 48.5% of the universal 16S rRNA gene sequences derived from this 
sample were assigned to Thaumarchaeota, soil crenarchaeotic group (SCG), with Nitrososphaera 
as the main genus. However, all other samples containing archaeal reads revealed only very low 
abundances (<1%). Those were mainly assigned to Euryarchaeota (Methanobacteria), 
represented by Methanobrevibacter (0.6% of incubated “dust filter-2 (2004)”), Methanosphaera, 
Methanobacterium or not further classified members of the Woesearchaea (0.5 % of “dust 
collector (2008)”; in congruence with the high amount of woesearchaeal reads obtained by the 
archaeal primer set for this sample). “Dust collector (2004)”, the other sample with a high 
abundance of Nitrososphaera when sequenced with archaeal primers, did not deliver any 
sequences with the universal primer pair. In the incubated “dust filter-1 (2004)” and “dust 
collector (2004)” we could also not detect Thaumarchaeota with the universal primer set. In 
total, NGS based on the “universal” primer set generated 227,439 high quality sequences 
(Supplementary Table 5). Sequences obtained by the universal primer approach were classified 
using the SILVA database (Quast et al., 2013) and community composition was summarized (see 
Figure III.3-3).  
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Figure III.3-3 Taxonomic profiles of the microbial communities from Russian ISS samples at phylum level. The five 
most abundant phyla are depicted. We discriminate between untreated and incubated samples. Total counts are 
given in % (“Abundance”). 

 

In the following, we distinguish between untreated and incubated samples, referring to 
treatment A) and B), respectively, as indicated above. In untreated samples, most signatures 
were assigned to phyla Thaumarchaeota (48.7%; “dust filter-1 (2004)”), Actinobacteria (36% in 
“dust collector (2008)”) and Firmicutes (44.2% in “dust filter (2008)” sample)). In incubated 
samples, the dominant phyla were Actinobacteria, Firmicutes and Proteobacteria. Signatures of 
Bacteroidetes (lowest abundance in incubated “dust filter-1 2004” sample; highest abundance in 
untreated “dust filter 2008” sample) were also found in all samples. Further details are shown in 
Figure III.3-3.  

At class level, the most abundant taxa were assigned to thaumarchaeal Soil Crenarchaeotic 
Group (SCG), Actinobacteria, Bacilli, Gammaproteobacteria and Betaproteobacteria. In incubated 
and untreated “dust filter (2008)” samples, there was no remarkable difference with respect to 
the microbial community composition. Five genera were identified whose abundance appeared 
significantly different in incubated and untreated samples (paired White Test, p>0.001, 
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confidence >0.95, see Supplementary Figure 3): Facklamia (Lactobacillales; higher abundance in 
untreated sample), Coprococcus_1 (Clostridiales; higher abundance in untreated sample), 
Leuconostoc (Bacilli; higher abundance in untreated sample); Coproccocus_3 (higher abundance 
in incubated sample) and an unclassified member of the family Ruminococcaceae (higher 
abundance in incubated sample).  

In total, we could identify signatures of 23 microbial genera shared by untreated and 
corresponding incubated samples (Figure III.3-4).  

 

Figure III.3-4 Venn diagram depicting common genera in untreated groups and their corresponding incubated 
counterparts. In total, signatures of 23 genera were common in all 6 samples. The PCoA plot on the right side is 
depicting the dissimilarity between incubated and untreated samples using the unweighted Bray-Curtis distance. No 
clear cluster pattern is visible between the two groups. 

 

These taxa were mostly assigned to Actinobacteria (4), Clostridia (6), Bacilli (5) and Alpha/-
Gammaproteobacteria (2 and 3, respectively). To compare community composition among 
samples, a beta diversity matrix (i.e. Bray-Curtis distance (unweighted)) was computed and 
evaluated using principal coordinate analysis (PCoA, see Figure III.3-4). Untreated “dust filter 
(2008)” was found to reveal a similar microbial community composition as the incubated “dust 
filter (2008)” sample and the incubated “dust collector (2008)” sample. In contrast, the microbial 
community of the untreated “dust filter-1 (2004)” sample and the “dust collector (2008)” sample 
appeared to be distinct. 
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Comparison between culture-based microbial diversity and molecular analysis emphasizes the 
need of cultivation. For the comparison of culture-based microbial diversity with the overall 
microbial diversity, we focused on the 34 unique isolates. The 16S rRNA sequences of individual, 
unique isolates were compared pairwise with all Illumina sequences belonging to the same 
genus. The sequences were considered to belong to the same species if they exceded the 
similarity threshold of 99%. Almost all isolates could be retrieved in the sequencing results (see 
Figure III.3-5), but the isolates belonging to the genus Bradyrhizobium and Salinibacillus could not 
be detected in the sequencing pool.   
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Figure III.3-5 Comparison of the number of retrieved isolates with molecular data. Donuts indicate retrieved 
sequences on molecular level, filled circles are indicative for cultivated isolates. The larger the donuts/circles are, the 
more counts of sequences/isolates were obtained. Every sampling site has a different color (see legend). If no 
circle/donut appears, no sequences/isolates were obtained. It has to be noted, that no NGS data for the untreated 
“dust collector (2004)” could be retrieved, however, isolates from this sample could be cultivated. 
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In general, most isolates could be obtained from the “dust collector (2004)” and the “dust 
collector (2008)”, whereas the highest counts of sequences could be obtained in the “dust filter-
1 (2004)” (Cupriviadus metallidurans, 31.2% of all sequence reads). Remarkably, a high 
proportion of different Bacillus species could be isolated, in accordance with the total sequence 
count retrieved for all samples. However, the half of the isolates were cultivated out of the “dust 
collector (2004)”, where no sequences for Bacillus were detected at all. The non-conformity 
between sequencing data and isolated cultures is also true for species of Paenibacillus and 
Micrococcus. Brevibaterium signatures could be obtained in 4 of 6 sampling sites and 
Brevibacterium isolates could be cultivated out of one sampling site. Methylobacterium, in 
contrast, was detected throughout all sampling sites but could be isolated out of only one 
sampling site. 

Differences between the microbial communities of archived ISS dust samples (this study) and 
freshly retrieved samples (Checinska et al., 2015). Very recently, a dataset of microbial 
community composition of comparably “fresh” dust samples from the US American modules of 
the ISS has been published (ISS Hepa filter particulares, vacuum cleaner bag components of ISS 
(ISS Debris); retrieved 2011 and 2012; Checinska et al., 2015). These data were retrieved and 
used for comparison by beta-diversity matrices (Bray-Curtis distance (unweighted); see also 
Supplementary Table 6).  

We want to emphasize here, that for the sake of comparibility, we exclusively analysed the 
forward reads of each study, since in contrast to our study, the reads in the study of Checinska et 
al., 2015 were not mergeable. However, the PCoA plot in Supplementary Figure 4 shows a clear 
clustering of the US American dust samples (US-ISS; Checinska et al., 2015) and the Russian dust 
samples (RISS, this study), which indicates, despite insufficient possibility of data analysis, a 
certain dissimilarity of the microbial community in the two different ISS settings. In Table III.3-5, 
we compared the data derived from Checinska et al., 2015 with our dataset, containing merged 
and further processed forward and reverse reads. A deeper look into the overall community 
shows a clear difference in the abundance of the dominant phyla. First, in contrast to the 
previous study, we were able to detect archaeal sequences, mainly classified as Thaumarchaea. 
Second, although both studies detected Actinobacteria, Firmicutes and Proteobacteria as the 
dominant phyla in all samples, the mean abundance varied. The phylum Actinobacteria was 
observed to constitute ~64% of all samples in the US american ISS samples, whereas the older, 
archived russian samples only harboured ~24 %. In addition, the number of dominant genera was 
two-fold reduced (mean US-ISS: 58 genera, mean R-ISS (Russian ISS samples): 28 genera). In 
contrast, the average abundance of Proteobacteria was increased ~8.7 times (mean values US-
ISS: 3.255%, R-ISS: 27.4%), however, the number of genera was higher in US American ISS 
samples (mean number of genera R-ISS: 44.125 and mean number of genera US American ISS: 
69.78). The amount of classified Firmicutes sequences and genera was comparable in both US 
American ISS and R-ISS samples (sequences mean: 25.78% and 28%, respectively and mean 
number of genera 79 and 71.5, respectively).  
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Table III.3-5 Comparison of microbial community composition of US-American ISS dust samples Checinska et al., 2015 and Russian ISS dust samples (this 

study). 

  US- American ISS dust samples  Russian ISS dust samples  

   

IS
S 

H
EP

A
 

to
ta

l 

IS
S 

H
EP

A
 

vi
ab

le
 

IS
S 

D
EB

R
IS

 

IS
S 

D
EB

R
IS

 
vi

ab
le

 

In
cu

b
at

e
d

 

d
u

st
 f

ilt
er

-1
 

(2
0

0
4

) 

in
cu

b
at

ed
 

d
u

st
 c

o
lle

ct
o

r 

(2
0

0
8

) 
in

cu
b

at
ed

 

d
u

st
 f

ilt
er

 

(2
0

0
8

) 

in
cu

b
at

ed
 

d
u

st
 f

ilt
er

-2
 

(2
0

0
4

) 

in
cu

b
at

ed
 

d
u

st
 

co
lle

ct
o

r 
(2

0
0

4
) 

D
u

st
 f

ilt
er

-1
 

(2
0

0
4

) 

D
u

st
 

co
lle

ct
o

r 

(2
0

0
8

) 

D
u

st
 f

ilt
er

 

(2
0

0
8

) 

 Total number of reads 553,176 587,569 1,148,047 1,116,419 24382 61571 49956 7278 39289 15021 7599 22343 

 Percentages of sequences of all 
dominant phyla (Archaea and 
Bacteria) 

90.92 99.65 92.35 98.26 95.6 92.9 89.2 89 92.1 93.9 92.2 81.3 

 Percentages of sequences of 
dominant bacterial phyla 
(without Archaea) 

90.92 99.65 92.35 98.26 95.6 92.9 89.2 89 92.1 45.2 91.8 81.3 

A
ct

in

o
-

b
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te

ri
a 

Percentage of sequences 63.28 95.28 40.52 66.54 39.7 21.3 29.9 12.9 19.4 14.2 36.0 20.0 

Number of Genera 78 55 62 38 21 50 28 21 54 13 21 22 

 Number of dominant genera
** 16 7 28 16 8 16 11 2 15 5 4 5 

Fi
rm

ic
u

te
s Percentage of sequences 24.83 3,97 45.67 28.48 40.5 28.6 44.4 15.8 39.9 20.8 30.3 44.2 

Number of Genera 118 67 100 31 89 105 92 23 99 41 39 84 

Number of dominant genera** 50 17 65 18 39 29 33 2 33 7 6 24 

P
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te
o

-

b
ac

te
ri

a 

Percentage of sequences 2,81 0,41 6,16 3,24 15.4 43.0 14.9 60.3 32.8 10.2 25.5 17.1 

Number of Genera 95 65 89 30 35 82 43 20 88 19 26 40 

Number of dominant genera** 22 7 49 10 9 25 13 8 22 4 5 10 

Th
au

m
-

ar
ch

ae
a 

Percentage of sequences 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 48.7 0.4 0.0 

Number of Genera 0 0 0 0 0 0 0 0 0 2 1 0 

Number of dominant genera** 0 0 0 0 0 0 0 0 0 1 0 0 

  

                                                           
**

 >100 sequence counts 
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Prediction of resistance capacities. Next to the phylogenetic diversity of microorganisms, we 
also wanted to retrieve information on which genes might be essential to their adaption to 
this extreme environment. It has to be emphasized that that we did not apply a 
metagenomics approach to assess the entire set of functional genes but used the in-silico 
tool Tax4Fun (Aßhauer et al., 2015) to predict functional genes derived from our 16S rRNA 
amplicon dataset (universal primer set). In total, we obtained 6,558 predicted single genes 
and 281 pathways (KEGG3 level). We focused on predicted genes/pathways responsible for 
antibiotic synthesis/resistance, transporters in general, resistance in general (e.g. resistance 
against metals or sporulation ability) and compared the individual relative abundances 
throughout all samples (Figure III.3-6).  
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Figure III.3-6 The profiles clustered based on sampling site. The colour scale reflects relative abundance of 
genes in % (black: low abundance, violet: high abundance). 
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First, hierarchical clustering of selected functional genes resulted in two main clusters, 
consisting of the sample “Dust filter (2008)” with the incubated respective sample and the 
other samples forming the other cluster. There was no cluster pairing specifically incubated 
or untreated samples. The gene encoding for the iron complex “outer membrane receptor 
protein” was predicted to be highly abundant throughout all samples with the exception of 
the incubated sample “dust filter-2 (2004)”. In general, genes encoding for 
resistances/adaptions were predicted to be equally distributed throughout all samples. 
These in-silico-based predictions are not obligatorily reflecting the actual gene pool and 
need to be verified experimentally in future work. 

 

Discussion 

In this communication, we found novel information on the resistance capacities of resilient 
microorganisms derived from archived ISS dust samples. Our work allows deeper insight into 
the extremotolerant and adapted microbial community therein, revealing the presence of 
archaeal signatures as well as a robust microbial resistance machinery. 

All 85 bacterial isolates survived for a prolonged time period of 8-12 years in desiccated dust. 
This implies a desiccation resistance achieved by different strategies, such as spore-forming 
capability or optimized DNA repair mechanisms (Table III.3-6). The origin of the bacterial 
isolates remains unknown, but many of them have already been detected in ISS or 
spacecraft- associated clean rooms or are typical human-associated microorganisms (Table 
III.3-6).  
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Table III.3-6 Summary of proposed survival strategies of the isolates and their possible origin. 

Isolated 
microbial genus 

Possible  
origin 

Proposed  
survival strategy 

References  

Bacillus HA, CR,
 
ISS

 
Endospores

 
(Nicholson et al., 2000; 
Castro et al., 2004; 
Novikova et al., 2006; La 
Duc et al., 2007; Hong et 
al., 2009a; Ghosh et al., 
2010; Moissl-Eichinger et 
al., 2013) 

Paenibacillus CR,
 
ISS

 
Endospores (Castro et al., 2004; La 

Duc et al., 2007; Ghosh 
et al., 2010; Moissl-
Eichinger et al., 2013) 

Salinibacillus HA, ENV Endospores (Ren and Zhou, 2005; 
Endesfelder et al., 2016) 

Micrococcus HA, CR, ISS, IA Intrinsic desiccation resistance (Castro et al., 2004; 
Novikova et al., 2006; 
Grice et al., 2009; 
Bonetta et al., 2010; 
Kooken et al., 2012; 
Moissl-Eichinger et al., 
2012b) 

Cupriavidus CR, ISS 
 

Various DNA-repair mechanisms; 
adapted to extreme, metal-rich, 
anthropogenic environments

 

(Moissl-Eichinger et al., 
2012b; Monsieurs et al., 
2014)

  

Methylobacterium CR, ISS, IA Intrinsic desiccation resistance (Hugenholtz et al., 1995; 
Bruce et al., 2005; 
Novikova et al., 2006; 
Vaishampayan et al., 
2013; Venkateswaran et 
al., 2014) 

Bradyrhizobium CR, ISS Intrinsic desiccation resistance
 

(Bruce et al., 2005; 
Novikova et al., 2006; 
Cytryn et al., 2007; 
Vaishampayan et al., 
2013; Venkateswaran et 
al., 2014)  

Legend: HA= human-associated; CR= reported in spacecraft assembly clean room(s) before; 
ISS= reported in ISS before; ENV= environmental; IA= indoor air. 
 

It has to be pointed out that the origin of the halophile isolate Salinibacillus is very unclear. It 
has not been detected on board the ISS or in spacecraft assembly clean rooms before and is 
also not a typical human-associated bacterium. However, it has recently been detected in 
human stool, although the authors did suspect an erroneous classification (Endesfelder et 
al., 2016). 

Nineteen representative ISS isolates were tested for their ability to survive a heat-shock and 
their susceptibility to 17 clinically relevant antibiotics in vitro. As expected, all spore-forming 
isolates survived the heat-shock and non-spore forming isolates did not, except for 
Bradyrhizobium erythrophlei. A few colonies appeared after the heat-shock at 80°C for 15 
min. It has been reported that B. japonicum, a close relative of B. erythrophlei, possesses 



III.3. Resilient microorganisms in dust samples of the International Space Station – Survival of the adaptation specialists 

- 95 - 
 

multiple small heat-shock proteins that support survival of naturally occurring heat peaks of 
more than 40°C (Münchbach et al., 1999). However, since only a few survivors were found 
after the 80°C treatment, one might assume that such heat-shock proteins, if present in B. 
erythrophlei, are not a reliable protection at these elevated temperatures.  

The same strains were tested for their susceptibility against 17 clinically relevant antibiotics. 
It should be stressed that none of the isolates obtained was judged to be an (opportunistic) 
pathogen, and the antibiotic resistances remain without clinical relevance in this regard. 
However, the isolates revealed a remarkable pool of antibiotic resistance. Only the isolate 
Micrococcus yunnanensis showed no resistance towards all tested antibiotics. The most 
resistant isolate which could be evaluated according to the EUCAST standard (see materials 
and methods section for more details) was Paenibacillus campinasensis, showing resistance 
against 8 of the 17 tested antibiotics.  

During testing of the cephalosporines cefotaxime and ceftriaxone, we observed a high 
number of resistant isolates (16/19: cefotaxime and 14/19: ceftriaxone). However, most of 
the resistant isolates were Bacillus representatives, whereas our few Gram-negative isolates 
were mostly rated not resistant. Overall, Bacillus species appear to be rather resistant 
against cefotaxime and ceftriaxone, as reported before for e.g. B. anthracis (Doĝanay and 
Aydin, 1991; Mohammed et al., 2002; Turnbull et al., 2004). 

However, of the two organisms that were tested under adapted conditions (due to no 
growth on Müller Hinton agar), Methylobacterium tardum exceeded the non-species related 
resistance breakpoints of 11 of the 17 antibiotics, whereas the Bradyrhizobium erythrophlei 
isolate appeared to be even unaffected by almost all of the tested antibiotics except 
gentamicin. Of course these results have to be evaluated with extreme caution since not all 
of the EUCAST evaluation criteria could be met. Bradyrhizobium erythrophlei was recently 
isolated from root nodules of Ironwood in south China and subsequently described as a new 
species (Yao et al., 2015). Notably, Bradyrhizobium sp. (Accession number AY599676), now 
classifiable as B. erythrophlei, was also recently observed in propidium monoazide treated 
samples of spacecraft assembly facilities (Vaishampayan et al., 2013). Bradyrhizobium 
signatures were reported in high abundance even in intensive care units and hospital 
biofilms. (Oberauner et al., 2013; Soto-Giron et al., 2016). To date, the impact of 
Bradyrhizobium species (except for B. enterica) on human health remains elusive, but this 
genus has obviously a robust strategy for survival under stressful conditions. However, 
although B. erythroplei is not reported to be pathogenic, it could act as a reservoir for 
resistance genes on the ISS that might, under selection pressure, be passed on via horizontal 
gene transfer to infectious microorganisms.  

A number of studies have been conducted on the reaction of bacteria to human spaceflight 
conditions, focusing on the changed pathogenic potential or resistance development 
(Rosenzweig et al., 2014). For some microorganisms, an elevated virulence has been found, 
whereas others remained unaffected (Rosenzweig et al., 2014). Recently it has been shown 
for Staphylococcus species, that even a short-term stay in space can trigger the development 
of antimicrobial resistance (Fajardo-Cavazos and Nicholson, 2016). In addition, decreased 
susceptibility of microbes to antibiotics under space-flight conditions have been reported 
(Fajardo-Cavazos and Nicholson, 2016). Notably, bacterial infections ocurring during human 
space-flight on Mir or spaceshuttle have been observed earlier, such as infections of the 
urinary tract, upper respiratory tract and subcutaneous tissue, as well as an increased 
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reactivation of latent viral infections due to the deterioration of the astronaut´s immune 
system (Mehta et al., 2014; Fajardo-Cavazos and Nicholson, 2016).  

Of the antibiotics we tested in this study, amoxicillin (without clavulanic acid), ceftriaxone, 
ciprofloxacin, clindamycin, doxycycline, levofloxacin, sulfamethoxazole/trimethoprim, and 
moxifloxacin are also ingredients of the ISS medical inventory (Mehta et al., 2014) and can 
thus be used for treatment of bacterial infections aboard. In our tests (see Table III.3-4), the 
environmental isolates from ISS were susceptible to amoxicillin (with clavulanic acid), 
ciprofloxacin, doxycycline, levofloxacin, sulfamethoxazole/trimethoprim, and moxifloxacin. 
We confirmed that ceftriaxone is not very effective against Bacillus sp. but it was effective 
against most non spore-forming isolates. When comparing the measured clindamycin MICs 
to resistance breakpoints defined for other species, 16 of 19 isolates could be rated 
potentially resistant against clindamycin: For all aerobic microorganisms, for which the 
clindamycin resistance breakpoint is defined in the EUCAST breakpoint table v6.0, it is “>0.5 
µg/ml” (e.g. Staphylococcus sp. or Corynebacterium sp.). However, due to missing specific 
resistance breakpoints for non-pathogenic microbial isolates, this finding cannot be used for 
risk estimations. 

The cultivable diversity of our older dust samples (17 bacterial species) was found to be 
lower than the cultivable diversity of the US American study (26 bacterial species), although 
a broader variety of cultivation media was used. In both studies, the genus Bacillus was the 
most prominent genus. However, on species level, no overlap between the isolates of these 
studies was found, which strongly indicates a difference in the microbial communities of the 
analysed samples – either caused by longer storage, or an overall difference in the 
microbiota composition of the Russian modules in 2004/2008 and of the US American 
modules in 2008-2012 (US American HEPA filter was installed from 2008 to 2011 and US 
American vacuum cleaner samples were taken 2012 [4]). Because of the use of nystatin in 
our study, we isolated only one eukaryotic isolate, Ulocladium botrytis, retrieved from 
medium with a pH of 9. U. botrytis was also not among the 10 different fungi isolated by 
Checinska et al. 2015 ([4], Supplementary Table 3). 

Besides the analysis of the isolates, we carried out a comprehensive sequencing study to 
shed light onto the microbial diversity that was present 8-12 years ago in the Russian ISS 
segment. 

Notably, PMA treatment did not result in positive amplification of 16S rRNA genes, although 
cultivation efforts confirmed the presence of viable cells. Either those were present only in 
very low numbers, so that the PMA treatment resulted in DNA below detection limit, and/or 
the microbes were present as hardy spores. The latter observation is in accordance with the 
sequencing results showing a high proportion of Bacilli (17.4 %) and Clostridia (13.7 %), 
whose spores require a harsh DNA extraction method (Kuske et al., 1998). 

In order to increase the amount of available DNA in the samples, and possibly also to trigger 
spore germination, we incubated the samples in warm LB medium before DNA extraction. 
Although the shift of the microbial community caused by the incubation was found to be 
substantial, we were able to retrieve enough DNA for a positive amplification of 16S rRNA 
genes in all samples. Without incubation, only three out of five samples gave a positive 
signal. 
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Besides spore-formers, our dataset revealed a high presence of signatures belonging to 
human-associated bacteria, including Pseudomonas (Trautmann et al., 2005), Acinetobacter 
(Hartzell et al., 2007), Sphingomonas (White et al., 1996) and Corynebacterium (Soriano et 
al., 1995) throughout all samples. Most of these microbes have been detected on human 
skin (such as Corynebacterium and Staphylococcus) and in the human gut (such as the strictly 
anaerobic Faecalibacterium). These findings confirm that the indoor airborne microbial 
community is derived directly from the astronauts’ presence as discussed in other studies 
(Hospodsky et al., 2012; Adams et al., 2015; Checinska et al., 2015).  

We also found signatures of other strictly anaerobic genera were found, such as 
Anaerococcus and Anaerostipes, which can, however, tolerate oxygen when dormant. An 
intensive study of all taxa revealed a high proportion of extremotolerant microorganisms 
such as (i) spore-forming bacilli, with known resistance against radiation, pressure, 
desiccation, and space and Mars-simulation conditions (Dose and Klein, 1996; Tauscher et 
al., 2006; Horneck et al., 2012; Vaishampayan et al., 2012 and references therein), (ii) 
signatures of Rhodococcus, known for high resistance against desiccation and ultraviolet 
radiation (LeBlanc et al., 2013), and (iii) members of Cyanobacteria, which are considered to 
be highly resistant against extreme conditions (Rampelotto, 2010 and references therein). 
The presence of extremotolerant microorganisms is also reflected in the predicted metabolic 
capacities. A various range of predicted genes encoding features which allow organisms to 
withstand extreme conditions such as the “two-component-system”, several transporters, 
iron acquisation, antibiotic resistance and biosynthesis could be detected and were 
distributed equally throughout all samples.  

In order to gain insight into the overall microbial community of the ISS, we compared the 
microbial community of the US segment (Checinska et al., 2015) and the Russian segment 
(our study) by performing a joint data analysis, using NGS raw reads from both studies, 
processed by DADA2. We observed a high dissimilarity in the microbial composition between 
both segments, potentially caused by the different location, sampling time-frame or 
methods used to gather the data. However, in the US segment, the microbial community 
was also dominated by human-associated microorganisms and the same core taxa on 
phylum level (Actinobacteria, Firmicutes and Proteobacteria), although with a different 
relative abundance. It should be mentioned that a deeper comparison of both settings was 
not possible, due to the different primers used in the US segment study, as well as the short 
reads obtained (~130 bp are considered borderline for proper classification; paired reads 
could not be stitched; Checinska et al., 2015).  

The most striking difference found during our comparison of already available data and that 
from our new study was the presence of archaeal signatures in the Russian samples. Overall, 
the presence of archaea on the ISS has not been reported before, or previous attempts to 
detect them were negative (Venkateswaran et al., 2014; Checinska et al., 2015). Archaea are 
generally known to be widely distributed in extreme environments, and are specifically well-
adapted to biotopes with energy-constraints. In our samples, we mainly found 
Nitrososphaera signatures, belonging to a group of chemolithoauthotrophic, ammonia-
oxidizing archaea, distributed in soil and hot springs, but also abundant on human skin 
(Hatzenpichler et al., 2008; Probst et al., 2013a). Interestingly, in spite of known mismatches 
in the used primers (Probst et al., 2013a), Nitrososphaera was also detected with universal 
primers, indicating a high abundance in the dust samples.  
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Signatures of human-associated Methanobrevibacter could also be observed. 
Methanobrevibacter species are described as anaerobic, extreme human gut commensals 
(Miller et al., 1982). Notably, the (rare) presence of Woesearchaeota signatures can also be 
reported. Their detection has been occasionally reported in samples from soils and aquatic 
environments (Dojka et al., 1998; Großkopf et al., 1998). Castelle et al. analysed their 
genomic potential, which revealed a small genome size and limited metabolic capacities, 
which suggests that these Archaea have a symbiotic or parastic lifestyle (Castelle et al., 
2015). Although the detection of archaeal signatures cannot inform on the role and activity 
of these microbes yet, we can state that the International Space Station is/was indeed 
populated by all three domains of life. 

Conclusion 

The ISS dust microbiome analysed in this study contained living, hardy microorganisms and 
showed the presence of archaeal signatures. Numerous resistance capabilities towards 
environmental stresses were either predicted on a molecular level or shown by retrieved 
isolates. It should be stressed, that, although these findings raise many questions and 
require discussion, the International Space Station is and has always been a safe workplace 
(Van Houdt et al., 2012) and no severe infections or disease outbreaks have been reported 
thus far. The specific resistance capacities of our non-pathogenic ISS isolates against 
desiccation, heat-shock and some antibiotic compounds refer to samples that have been 
collected around a decade ago and the findings need to be reconfirmed with novel microbial 
isolates. Nevertheless, it remains without doubt that microorganisms on the ISS experience 
selective pressures, and that a number of microbes adapt to these stresses. Our findings and 
those of previous publications in this regard can now be considered for the planning of 
future, crewed long-term spaceflights, but also for potential habitats on the moon or other 
planetary bodies.  
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Abstract 

Fueled by the general interest of detecting life beyond Earth’s biosphere, the chemical and 
physical limits of life and thus borders of habitability remain a burning question. Extreme 
terrestrial environments and their endogenous life are currently studied in order to decipher 
basic information on evolution and adaptation capabilities of microorganisms - a 
prerequisite for life detection on other planetary bodies. 

Nowadays, Earth’s ecosystem contains oxygen, a feature that probably distinguishes our 
planet from potential habitable extraterrestrial systems. Motivated by the identified 
significant lack of information on microbial communities from Mars-analogue, anoxic 
settings, and the desire to understand the characteristics and limits of anaerobic life, we 
carried out the first systematic microbiological study from a number of terrestrial anoxic 
environments with space-relevant extremes. We investigated the inhabiting, living bacterial 
and archaeal diversity by amplicon sequencing and compared the outcome with the results 
from a wide-scale cultivation approach, in which 1034 enrichments were processed. We 
uncovered a highly adapted bacteriome and archaeome, thriving under harsh conditions, 
and a cosmopolitan group of microorganisms thriving in all Mars-analogue environments. 
The study provides highly valuable information on microbial communities in anoxic 
environments, with a strong impact for the search for life in the universe. 

Keywords: Mars analogues, Extreme environments, Microbiome, Anaerobic microorganisms, 
MASE 

 

Introduction 

Environmental microbiology has made enormous strides in understanding what microbial 
communities inhabit some of Earth’s most extreme biotopes. Fuelled by recent reports on 
numerous habitable planets and the general interest of detecting life beyond Earth’s 
biosphere, the main research questions focused on the chemical and physical limits of life as 
well as the general habitability of extraterrestrial environments. These environments, as 
identified so far, have one characteristic in common, namely the lack of available oxygen. 
The Great Oxygenation Event of Earth 2.3 billion years ago has caused tremendous changes 
in the overall evolution of life, with oxygen being one of the strongest triggers for changes in 
microbial community composition and function. Studying microbial communities from the 
present-day oxygenated Earth’s biosphere as potential models for Early Earth and 
extraterrestrial life thus seems inappropriate, emphasizing the need for a more detailed 
survey of the anaerobic microbial communities and their physical and chemical limits of the 
biosphere. As a consequence, we carried out the first systematic study of extreme anoxic 
environments, motivated by a desire to understand the characteristics of anaerobic life at 
the limits of Earth’s biosphere and the potential habitability of Mars. 

Nowadays, Mars is considered a hostile, dry planet, with a thin, oxygen-limited atmosphere, 
low temperatures and sterilizing radiation on the surface (Moissl-Eichinger et al., 2016a). 
Nevertheless, 4.1-3.7 billions of years ago, the planet was most likely characterized by a 
carbon dioxide-rich atmosphere, partially stable and relatively warm surface temperatures 
(probably due to volcanism or cosmic impacts) and thus conditions conducive to the 
presence of liquid water on the surface (Bibring et al., 2006; Carr and Head, 2010). Available 
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chemical (in)organic compounds could have served as energy and carbon sources for life 
(Hofmann and Bolhar, 2007; Martin and Russell, 2007; Nisbet et al., 2007; Duprat et al., 
2010; Westall et al., 2011; Westall et al., 2015). 

Environmental conditions changed dramatically between ~4.0 and 3.6 Ga, when Mars began 
to lose its atmosphere, until it reached 1% of the density of the Earth’s atmosphere today. 
As a consequence, the surface of Mars became desiccated and turned into a very extreme 
environment, highly challenging for any potential microbial life that could, theoretically, 
have remained in (radiation-) protected, habitable areas (so called “special regions”; 
Rummel et al., 2014; Rettberg et al., 2016). 

As indicated by geochemical data obtained from numerous laboratory-based analyses of 
Martian meteorites and several instruments on rovers and orbiters, habitable conditions are 
most likely restricted to the subsurface, where a permafrost-like setting seems to occur 
(Boynton et al., 2002). Another possibility are brine flows, which are closer to the surface. 
This phenomenon is known as recurring slope lineae (RSLs; McEwen et al., 2011; Grimm et 
al., 2014; McEwen et al., 2014; Stillman et al., 2014; Ojha et al., 2015), which could provide 
aqueous, high salty biotopes, suitable only, however, for adapted halophilic microorganisms 
(Litchfield, 1998; Davila et al., 2010; Leuko et al., 2010; Bryanskaya et al., 2013; Oren et al., 
2014). Although methane outbreaks in the Martian atmosphere support speculations on 
potential subsurface Martian life (Kotsyurbenko et al., 1996; Paull and Dillon, 2001; 
Formisano et al., 2004; Atreya et al., 2007; Sloan Jr and Koh, 2007; Geminale et al., 2008; 
Mumma et al., 2009; Fonti and Marzo, 2010; Geminale et al., 2011; Kral et al., 2011; Webster 
et al., 2015), so far no proof has been found of past or present life on Mars, and 
considerations on the potential morphology, biochemical properties or metabolisms of 
Martian life remain speculative. Consequently, Mars-analogue research has become an 
important pre-requisite for the planning and preparation of life detection missions, such as 
ExoMars (Montroni et al., 2016). Such terrestrial, analogue biotopes, which are studied with 
respect to their chemical, physical characteristics and their indigenous microbial life, 
resemble either Early or Present Mars conditions and exhibit usually a number of typical 
parameters, such as: (i) low water activity, (ii) low temperature, (iii) restricted availability of 
(complex, organic) nutrients, (iv) oxygen limitation and other stressors for microbial survival 
(i.e. high salinity, high acidity, radiation). 

However, none of the terrestrial Mars-like locations is capable of combining all Martian 
stresses at once (Moissl-Eichinger et al., 2016a). This shortcoming has to be circumvented by 
systematic analyses of various analogue sites that resemble Early and Present Mars 
conditions, considering general principles as driving factors to shape their microbial 
communities. The outcome can help to interpret potential information on biosignatures that 
could be expected on Mars. 

A number of studies have already addressed the diversity of microorganisms thriving in 
Mars-analogue sites using cultivation-based approaches and cultivation-independent 
analysis based on the 16S rRNA gene sequences (Amils et al., 2007; Blank et al., 2009; 
Mormile et al., 2009; López-Lozano et al., 2012; Boetius et al., 2015; Parnell and McMahon, 
2016). However, the available cultivation-based studies did not address the fact that the 
Martian atmosphere lacks available oxygen. With respect to more or less anoxic conditions 
on Mars, an intensive study based on the diversity and functional capacities of strict 



III.4. Mars exploration begins on Earth: Systematic comparison of the anaerobic, 
intact and cultivable microbiome of extreme, anoxic, Mars-analogue 

environments 

- 103 - 
 

anaerobic microorganisms is missing in the current body of literature. Extreme environments 
harbor harsh conditions and most likely contain many dead cells derived from not-adapted, 
introduced microorganisms. Standard molecular methods fail to distinguish viable and dead 
fractions of microbial communities and reports on microbial diversities from Mars-analogue 
sites may be falsified by the detection of DNA released from biological debris. 

Based on such considerations, the MASE project (Mars Analogues for Space Exploration; 
http://mase.esf.org/) was initiated. Bringing together more than 20 experts from seven 
European countries in the frame of the 7th European framework funded project, major goals 
were to design a standard operation procedure (SOP) to systematize the a) anaerobic 
sampling of selected Mars analogue sites and b) the anaerobic cultivation of Mars-relevant 
organisms (Cockell et al., 2016b). We collected anoxic soil, water and sediment samples from 
different Mars-analogue sites, namely i) cold sulphidic springs, ii) two different acidic 
environments, iii) a hypersaline, subsurface environment, and iv) frozen sites represented by 
glacier and permafrost sites. 

In addition, we aimed to elucidate the full spectrum of bacterial and archaeal signatures of 
the living portion of the Mars-analogue microbial communities by applying the chemical 
compound propidium monoazide (PMA) to mask free DNA before processing the samples via 
molecular methods (Next Generation Sequencing, NGS). 

This study concentrated on the systematic comparison of the anaerobic, intact and cultivable 
microbiome of extreme, anoxic environments that served as Mars-analogue systems. This 
would enable to retrieve and provide novel model microorganisms and to determine general 
principles of anaerobic microbial communities with impact on the habitability assessment 
and the search for life on Mars and beyond. 

 

Materials and methods 

Sample collection. Mars-analogue sediment, water and soil samples were obtained during a 
number of sampling campaigns performed in the years 2014 and 2015. The sampling sites 
are described in more details elsewhere (Cockell et al., 2016b), in Supplementary Table 1 
and are summarised in Table III.4-1.  
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Table III.4-1 Summary of all sampling sites (more details are available in Supplementary Table 1). A star (*) in 
the sample abbreviations indicates pre-treatment of the samples with propidium monoazide (PMA).  

 

Sampling sites included (i) two sulphidic springs (Moissl et al., 2002; Rudolph et al., 2004a; 
Henneberger et al., 2006; Probst et al., 2013b; Perras et al., 2014; Probst et al., 2014b; 
Perras et al., 2015; Probst and Moissl-Eichinger, 2015), (ii) one subsurface, hypersaline 
environment (Woods, 1979; Norton et al., 1993), (iii) one acidic lake (Thorarinsson, 1953), 
(iv) one acidic river (Sánchez-Andrea et al., 2011; Sanz et al., 2011) (v) two permafrost 
environments and (vi) one glacial environment in high altitude. The glacier samples were 
retrieved during a Mars simulation event of the Austrian Space Forum (ÖWF) in 2015 
(AMADEE15; Groemer et al., 2016a; Groemer et al., 2016b), where four analogue astronauts 
were trained to take samples in a full space suit (Groemer et al., 2016a; see also 
www.http://oewf.org/portfolio/oesterreich-amadee-15/; Supplementary Information Figure 
1). A detailed analysis of the geochemical setting of each sampling site is given in Cockell et 
al., 2016b.  

Sampling sites Abbreviation in main article 
Mars-analogue 

condition 

Sulphidic springs (Bavaria, Germany) 

Sippenauer 

Moor 

“sulphidic spring SM“; “sulphidic 

spring SM*“ 

Early Mars: anoxic, low 

in organics, sulfur-rich 

Islinger 

Mühlbach 

“sulphidic spring IM“; “sulphidic 

spring IM*“ 

Hypersaline environment (Boulby 

mine, United Kingdom) 
Sampling site 1 “hypersaline environment” 

Present Mars: anoxic 

brine slopes 

Acidic lake (Lake Grænavatn, 

Iceland) 

Sampling site 1 “acidic lake SS1”; “acidic lake SS1*” Early Mars: anoxic, low 

in organics, acidic 
Sampling site 3 “acidic lake SS3”; “acidic lake SS3*” 

Acidic river (Rio Tinto, Spain) 

Lago Peligroso “acidic river LP”; “acidic river LP*” 

Galdieras “acidic river Gal”; “acidic river Gal*” 

Kaunertaler Glacier (Austria) 

Sampling site 1 “glacier SS1”; “glacier SS1*” Early and Present 

Mars: low temperature 

environment Sampling site 2 “glacier SS2”; “glacier SS2*” 

Permafrost setting (Canada and 

Russia) 

SlpD14-PS1-11 

“permafrost SlpD14-1”; 

 “permafrost SlpD14-1*” 

Early and Present 

Mars: low temperature 

environment, anoxic 

SlpD14-PS3-11 
”permafrost SlpD14-3”; ” permafrost 

SlpD14-3*” 

SOB-14-06-A-37 
”permafrost SOB”; ”permafrost 

SOB*” 

TSD-14-IW1-01 ”permafrost TSD”; ”permafrost TSD*” 
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The sampling, additional samples, the cultivation and physiological tests of the isolates and 
the procedures for fluorescence in situ hybridization (FISH) are described in more detail in 
the Supplementary Information. 

Processing of the samples for molecular analyses: PMA treatment, DNA extraction and 
amplicon sequencing. In order to discriminate between viable (i.e. cells with an intact cell 
membrane) and dead cells (cells with a disrupted cell membrane) in subsequent molecular 
analyses, 0.25 g of each sample was treated with propidium monoazid (PMA, VWR) before 
DNA extraction. In the following, all PMA treated samples are marked with a star (*), e.g. the 
sample “sulphidic spring IM*” refers to the PMA treated sample, whereas sample “sulphidic 
spring IM” refers to the PMA untreated, simultaneously processed sample. More details are 
given in Supplementary Information. 

Library preparation, Illumina paired-end sequencing, community profiling and inferred 
metagenomics. These procedures are described in full detail in Supplementary Information. 
Reads were processed using R (version 3.2.2) and the packages DADA2 (Callahan et al., 
2016a) as already described elsewhere (Mora et al., 2016b), following the SOPs as 
recommended by the developers (Callahan et al., 2016a). DADA2 does not implement a 
clustering step and does not generate operational taxonomic units (OTUs) as known by other 
data processing tools. Here, each row in the DADA2 output table corresponds to a non-
chimeric inferred sample sequence with a separate taxonomic classification (ribosomal 
sequence variants, RSVs).  

Data availability. Sequence datasets were submitted to EBI and are publicly available (Study 
project number: PRJEB18706).  

 

Results 

In this study, we analysed the microbial community of samples from various, nutrient-poor, 
anoxic Early and Present Mars analogue sites, ranging from hypersaline environments, cold 
sulphidic springs, acidic aquatic settings, to permafrost and glacier environments. In addition 
to an extensive cultivation effort, we applied a live/dead marker to our molecular microbial 
community analyses to distinguish between signatures of organisms possessing an intact cell 
wall and residing in the Mars analogue settings, and signatures of dead cells. It should be 
emphasised that the sample from the “hypersaline environment” could not be treated with 
our life/dead marker, due to cross-reactions between salts and PMA (Barth et al., 2012).  

General observations. All samples retrieved were subjected to microscopic examination. 
However, due to the low amount of microbial cells present, and numerous particles in the 
sediment samples, the identification of microbial cell structures proved difficult. Similar 
results were obtained when fluorescence in situ hybridisation was performed. Clear 
microbial signals were obtained from sulphidic spring samples (Supplementary Information 
Figure 2). Here, the bacterial cells of diverse morphologies (cocci, rods, filaments) 
outnumbered the archaeal cells by far. We assume that chemical properties of the other 
samples (high salt, low pH), hindered cell fixation and visualization via FISH (Antón et al., 
1999; Dedysh et al., 2006), so that this method was not considered to be reliable with 
respect to the determination of microbial community composition. 
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Sixty-nine microbial enrichments and 31 isolates were obtained from the MASE sites. For 
enrichments of microbial anaerobes, we used a standardized medium (“MASE I”, “MASE II”), 
supplemented with compounds supporting the growth of (i) fermenting microbes, (ii) sulfate 
reducers, (iii) C1 utilizers, (iv) nitrate reducers, (v) methanogens, (vi) polycyclocaromatic 
hydrocarbon degraders, (vii) amino acid utilizers and (viii) iron reducers (a comprehensive 
description can be found in Cockell et al., 2016b. In total, we performed 1034 enrichment 
attempts with varying supplements (95% targeting heterotrophs and 5% targeting 
autotrophs) and were able to obtain 69 enrichments. Growth was detected in 6.9% of all 
enrichment attempts targeting heterotrophs and in 1.9% of all enrichments targeting 
autotrophs. In further purification steps, 31 pure isolates (see Table III.4-2) were obtained. 
31 isolates belonged to the domain of the Bacteria (mostly Proteobacteria), and 1 isolate 
was affiliated to the domain of Archaea (Methanomethylovorans sp. MASE-SM-1). All of 
them grew under anoxic conditions and required organic medium supplements 
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Table III.4-2 Isolates obtained within the frame of the MASE project and their respective environmental source. 
The taxonomic affiliation on phylum and genus level is given. Furthermore, characteristics of close relatives 
(same genus) are added, either inferred from own observations or literature review. So far unclear situations 
are marked with . Additional details can be found in Cockell et al., 2016 (continues on page 109). 

Source 

[total 

number of 

obtained 

isolates] 

Phylum (no. of 

isolates) 

Genus [no. of individual strains if 

>1] (strain abbreviation) 

Characteristics DSM number (if 

available) 

Hypersaline 

environment 

[1] 

Firmicutes (1) Halanaerobium sp. (MASE-BB-1) Halophilic, (strictly) heterotrophic, strictly 

anaerobic (Abdeljabbar et al., 2013; W Roush et al., 

2014) 

 

Sulphidic 

springs [18] 

Firmicutes (5) Clostridium sp. [4] (MASE-IM-4, -6, 

MASE-SM-2, -4) 

Mixotrophic, strictly anaerobic, spore-former  

  Trichococcus sp. (MASE-IM-5) (Strictly) heterotrophic, (facultatively) anaerobic 

(Pikuta et al., 2006) 

 

Proteobacteria 

(12) 

 

Desulfovibrio sp. (MASE-IM-7) Mixotrophic (Mechalas and Rittenberg, 1960), 

obligate anaerobic (Postgate and Campbell, 1966) 

 

Citrobacter sp. [2] (MASE-IM-8; 

MASE-SM-7) 

Mixotrophic (Johnson, 2006), (facultatively) 

anaerobic (Huang and Tseng, 2001) 

 

Buttiauxella sp. (MASE-IM-9) (Strictly) heterotrophic (facultatively) anaerobic 

(Cui et al., 2012), 

 

Obesumbacterium sp. (MASE-IM-3) (Strictly) heterotrophic, (facultatively) anaerobic   

Aeromonas sp. [2] (MASE-IM-1 and 

MASE-SM-5) 

(Strictly) heterotrophic, (facultatively) anaerobic   

Yersinia sp. [4] (MASE-SM-8 and 

(MASE- SM-6,-9-,10)) 

Mixotrophic, (facultatively) anaerobic (Buzolyova 

and Somov, 1999)  

102846, 102991, 

102848, 102849 

Hafnia sp. (MASE- SM-3) (Strictly) heterotrophic, (facultatively) anaerobic   

Euryarchaeota (1) Methanomethylovorans sp. (MASE-

SM-1) 

(Strictly) heterotroph, (obligate) anaerobic (Wang 

et al., 2014) 

 

Acidic lake 

[9] 

Actinobacteria (3) Cellulomonas sp. [3] (MASE-LG-

6,7,8) 

Mixotrophic, (facultatively) anaerobic (Dermoun and 

Belaich, 1988) 

 

 Firmicutes (3) 

 

Pelosinus sp. (MASE-LG-2) (Strictly) heterotrophic, (facultatively) anaerobic 

(Moe et al., 2012), spore forming (Yutin and 

Galperin, 2013) 

 

Clostridium sp. (MASE-LG-3) Mixotrophic, obligate anaerobic, spore-former  

Desulfosporosinus sp. (MASE-LG-5) Mixotrophic, obligate anaerobic, spore-former 

(Robertson et al., 2001) 

 

Proteobacteria (3) 

 

Yersinia sp. (MASE-LG-9) Mixotrophic, (facultatively) anaerobic (Buzolyova 

and Somov, 1999)  

 

Serratia sp. (MASE-LG-10) Mixotrophic, (facultatively) anaerobic(Bidlan and 

Manonmani, 2002)  

 

Yersinia intermedia (MASE-LG-1) (Strictly) heterotrophic, (facultatively) anaerobic 102845 
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Source 

[total 

number of 

obtained 

isolates] 

Phylum (no. of 

isolates) 

Genus [no. of individual strains if 

>1] (strain abbreviation) 

Characteristics DSM number (if 

available) 

Permafrost 

[1] 

Proteobacteria (1) Sodalis sp. (MASE-SOB14-1)  Mixotrophic, (facultatively) anaerobic (Dale and 

Maudlin, 1999) 

 

Glacier [2] Firmicutes (1) Enterococcus sp. (MASE-Glacier 

[SS1] 

Mixotrophic, (facultatively) anaerobic  

 Proteobacteria (1) Rahnella sp. (MASE-Glacier [SS3]) Mixotrophic, (facultatively) anaerobic   

 

Four isolates (Halanaerobium sp. (MASE-BB-1), Trichococcus sp. (MASE-IM-5), Yersinia 
intermedia (MASE-LG-1), Clostridium sp. (MASE-IM-4)) were selected for more detailed 
physiological analyses (temperature, salinity, pH tolerance and growth range; this study), 
fossilisation experiments, genomic and proteomic analyses, as well as comprehensive stress 
tests (experiments ongoing). These representatives were selected based on their reliable 
and fast growth to high cell numbers. The isolates obtained from the sulphidic spring 
preferred moderate temperatures (temperature range: 25°C-30°C for Trichococcus sp. 
(MASE-IM-5) and 25°C-35°C for Clostridium sp. (MASE-IM-4)), but grew within a wide range 
of pH (pH5-8 for Trichococcus sp. (MASE-IM-5) and 3-9 for Clostridium sp. (MASE-IM-4); 
Table III.4-3). No growth was observed beyond a NaCl concentration of 0.1 M (Trichococcus 
sp. (MASE-IM-5) and 0.3 M (Clostridium sp. (MASE-IM-4)). The isolate Yersinia intermedia 
(MASE-LG-1), obtained from the acidic lake, grew at moderate temperatures (25°C-35°C) and 
neutral to slightly alkaline conditions (pH7-8). The limit of NaCl concentration for growth was 
0.5 M. All three described isolates showed their optimal growth (shortest generation time) in 
the presence of 0 M NaCl, at 30°C, and pH7. The growth of the fourth isolate Halanaerobium 
sp. (MASE-BB-1) occurred at neutral pH values (7-8), higher temperatures (30-45°C) and 
higher NaCl concentrations (up to 3 M). Optimal growth was observed at pH7, 45°C and 3 M 
NaCl. 
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Table III.4-3 Characteristics of selected, representative isolates. 

Isolate strain Source 
PH 

range 

Temperature 

range 

NaCl 

range 

Optimum 

pH 

Optimum 

temperature 

Optimum 

NaCl 

Halanaerobium 

sp.(MASE-BB-1) 

Hypersaline 

environment 
pH7-8 30°C-45°C 1M-3 M pH7 45°C 3 M 

Trichococcus sp. 

(MASE-IM-5) 

Sulphidic 

springs 
pH5-8 25°C-30°C 0-0.1 M pH7 30°C 0 M 

Yersinia 

intermedia 

(MASE-LG-1) 

Acidic lake pH7-8 25°C-35°C 0-0.5 M pH7 30°C 0 M 

Clostridium sp. 

(MASE-IM-4) 

Sulphidic 

springs 
pH3-9 25°C-35°C 0-0.3 M pH7 30°C 0 M 

 

In general, physiological optima of tested microbial isolates did not fully reflect the 
environmental conditions of their origin. In particular the Yersinia species, although 
retrieved from various sites (sulphidic springs and acidic lakes) seemed to tolerate extreme 
conditions, but preferred moderate conditions for optimal growth. 

The MASE sites harbor a diverse archaeome comprising 14 archaeal phyla. In total 787,842 
archaeal raw sequences were obtained using the Archaea-targeting primer set, resulting, 
after processing, in 1,502 archaeal RSVs. On average, 37,516 raw sequences were obtained 
from each sample. However, the number of retrieved raw sequences varied strongly across 
the samples, although DNA as well as PCR products were normalized before NGS. The lowest 
count was achieved for the sample “acidic lake SS3” (72 raw sequence counts), whereas the 
highest read count was obtained for “sulphidic spring IM*” (PMA treated sample of sulphidic 
spring Islinger Muehlbach; 106,622 raw sequence counts). Noteworthy, no archaeal signal 
could be observed for the samples obtained from the glacier (PMA treated and untreated), 
which indicates either a low amount of archaeal 16S rRNA genes (below detection limit) or 
an insufficient primer match (Hong et al., 2009b; Tremblay et al., 2015). A barchart 
displaying the archaeal community composition of all samples (PMA treated and untreated) 
is given in Supplementary Information Figure 3. 

Since this study focused on the viable proportion of microbial communities, we will, in the 
following go into detail on PMA treated samples, but also include the PMA untreated 
“hypersaline environment” sample (PMA treatment is hindered in high-salt samples, see 
explanation in materials and methods; Barth et al., 2012). 

The majority of RSV counts (PMA treated samples and “hypersaline environment”) were 
assigned to Euryarchaeota (39.3%), Thaumarchaeota (22.7%), unassigned Archaea (20.8%) 
and Woesearchaeota (DHVEG-6; 10.9%).  

Signatures of Euryarchaeota were detected throughout all archaea-positive samples (except 
samples from the acidic lake SS1*), with highest proportion of Euryarchaeota in the 
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hypersaline environment (14.5% all euryarchaeal sequence counts from all samples) which 
affiliated to Halobacteriales (99% of all Euryarchaeota signatures within this sample). Other 
sequences from the hypersaline environment sample were classified as Nanohaloarchaeota 
(12.6% of all archaeal sequences), Thaumarchaeota and Woesearchaeota (both rarely 
present: below 1%). Notably, 99.9% of the sequences detected in the acidic lake SS1* 
remained unclassified within the archaeal phylum and thus might represent a new taxon. 

In contrast, all sequences of the second sampling site of the acidic lake (SS3*) could be 
assigned on phylum level and were classified as Bathyarchaeota (Meng J, 2014), which were 
recently revealed as methane-producers (Evans et al., 2015; He et al., 2016; Lever, 2016; 
19.4% of all sequence counts within this sample), ammonia-oxidizing Thaumarchaeota 
(Brochier-Armanet et al., 2008; 72.9% of all sequence counts within this sample), 
Euryarchaeota (7.6% of all sequence counts within this sample) and a very minor proportion 
of Woesearchaeota DHVEG-6 (<1% of all sequence counts within this sample).  

Sequences of the acidic river* were mainly assigned to unclassified Archaea, 
Thaumarchaeota and Euryarchaeota (71.4%, 10.1%, and 16.5% in the acidic river Gal* 
sample, respectively) and a high proportion of Euryarchaeota (98.8% in the acidic river LP* 
sample). Further details can be found in (Figure III.4-1a). Signatures of the Altiarchaeales 
cluster were found in the acidic river LP* sample, which were also detected in samples of the 
sulphidic spring*, a result that was in agreement with previous findings (Probst et al., 2014b; 
Probst and Moissl-Eichinger, 2015). 

In the spring biotopes, a remarkably high proportion of signatures assigned to 
Woesearchaeota (DHVEG-6) was detected (36.5% and 21.2% of all sequence counts in SM* 
and IM* samples, respectively). Other sequences were assigned to Euryarchaeota and 
unclassified Archaea. Notably, only the sulphidic spring biotope revealed signatures of 
Archaea belonging to the group of Aenigmarchaeota (<1%).  

Permafrost samples contained mainly signatures of Euryarchaeota with high proportions of 
methanogenic Archaea (Methanobacteria and Methanomicrobia) and Thaumarchaeota (Soil 
Crenarchaeotic Group; SCG and Marine Benthic Group; MBG; Brochier-Armanet et al., 2008; 
Spang et al., 2010). Further details are given in Figure III.4-1a, and b.   

 



III.4. Mars exploration begins on Earth: Systematic comparison of the anaerobic, 
intact and cultivable microbiome of extreme, anoxic, Mars-analogue 

environments 

- 111 - 
 

Figure III.4-1 The microbiome of MASE environments. Panel (a) shows the taxonomic profile obtained using 
Archaea-targeting primer on phylum and family level. (continues on next page) 
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Figure III.4-1 (continuation) Panel (b) shows the according bacterial composition (using an universal primer 
approach; abundance of bacterial classes in each sampling site >1%). Panel (c) displays the top phyla of the 
microbial community (“universal” primer set, microbiome). The relative abundance of each taxon within the 
sample sites was calculated and is shown on the y-axis. The total relative abundance was summed up for all 
samples and is shown for each phylum in the legend. 

Notably, the “universal primer” approach revealed slightly more archaeal taxa than the 
Archaea-specific approach. In comparison, using the “universal primer” approach, archaeal 
signatures of 14 different phyla and 92 different genera were detected, while the Archaea-
specific primer set detected 12 different phyla and 87 different genera. Most of the genera 
were covered using both primers, however, 20 genera were only covered with the universal 
approach and 16 genera were only covered with the archaeal-specific approach. Strikingly, 
sequences assigned to the candidate phyla Aigarcheaota and the Ancient Archaea group 
(both phyla with signatures detected in hydrothermal systems; Takai and Horikoshi, 1999; 
Hirayama et al., 2005; Goertz and Hedlund, 2013; Rinke et al., 2013) were obtained only by 
using the “universal approach”. The main archaeal taxa retrieved using the universal 
approach were methanogenic Euryarchaeota (mainly in permafrost samples, sulphidic spring 
samples) and Thermoplasmata (mainly from acidic environments). The “hypersaline 
environment” harboured mostly signatures belonging to archaeal Halobacteria. A summary 
of all retrieved archaeal taxa is shown in Supplementary Information Figure 4. 

The microbiome of MASE sites harbors a vast diversity of hardy and anaerobic organisms. 
Apart from Archaea, we were also interested in the microbial community and thus used a 
“universal” primer set (as proposed by the Earth microbiome consortium; Gilbert et al., 
2014) that targeted the entire microbiome. 

Also here, we amplified both 16S rRNA genes pools of PMA treated and PMA untreated 
samples. We obtained a total number of 1,523,276 sequences (minimum count: 10,819, 
“permafrost SlpD14-3*”; maximum number of counts: 119,379, “acidic river Gal*”; mean 
counts: 60,851). After processing the raw sequences using the DADA2 algorithm, in total, 
15,945 different RSVs were obtained. In the following, we will concentrate on the intact 
microbial proportion (PMA treated samples, and the PMA untreated “hypersaline 
environment”). The taxonomic profile of all PMA untreated samples is given in 
Supplementary Information Figure 5. 

“Viable” microbiomes in MASE environments were generally characterized by 
Proteobacteria (27%), followed by Actinobacteria (11%), Bacteroidetes (9%), Chloroflexi 
(8%), Acidobacteria (6%), Firmicutes (5%), Euryarchaeota (6%) and a minor proportion (2%) 
of unassigned Archaea (mean values of total amount of RSV counts; Figure III.4-1c).  

Signatures of Proteobacteria were present throughout all sampling sites, but in different 
proportions. Signatures of Actinobacteria were also detected in each environment with the 
exception of the “hypersaline environment”. This biotope also revealed only a minor 
proportion of Firmicutes signatures, which were found completely absent in samples from 
the acidic lake* environment, but were present in all other samples. 

In the datasets, we identified the sequences affiliated to a diversity of anaerobic 
microorganisms, such as methanogens (Prieur, 2004; e.g. Methanobacterium; Kral et al., 
2004 and Methanomassilicoccus; Teske, 2014), halophiles (Leuko et al., 2010), autotrophs 
(McKay, 1997), phototrophs (e.g. Cyanobacteria; Cabrol and Grin, 1995), acidophiles (e.g. 
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Acidithiobacillaceae; Amils et al., 2011), psychrophiles (e.g. Pseudomonas; Hoover et al., 
2002, Oscillatoria, Phormidium and Arthrobacter; Gilichinsky et al., 2007), iron reducers 
(Boston et al., 1992; e.g. Geobacter; Lovley et al., 1993, Shewanella; Nealson and Cox, 2002), 
sulfate reducers (Banfield et al., 2001; e.g. Desulfobacterium, Desulfovibrio, and members of 
Desulfuromonadaceae and Desulfovibrionales) all of them equipped with the capability for 
an anaerobic metabolism.  

The abundance of different taxa of anaerobic microbes in the MASE samples varied 
according to the respective environmental conditions, i.e. sulfate-reducers were most 
abundant in sulfur-rich sulphidic springs, cyanobacterial signatures were most abundant in 
high-altitude glacier samples and signatures of psychrophiles and methanogens were mainly 
detected in permafrost samples (more details are shown in the RSV Tables, given in 
Supplementary Table 2 and 3). Due to our focus on anaerobic microorganisms, we 
specifically looked for the presence of sequences belonging to taxa known for their strictly 
anaerobic metabolism. For instance, signatures of Aerophobetes, Latescibacteria, 
Anaerolina, Halanaerobium members of Thermoanaerobacterales Desulfosporosinus, 
Desulfarculales, Desulfobacterales, Clostridium and Desulfuromonadales were detected, 
however, not equally abundant in each environment. A minor number of RSVs classified as 
Desulfovermiculus (1371 sequence counts) and Limimonas (4123 sequence counts) for 
instance were exclusively detected in the “hypersaline environment”. Phototrophic 
cyanobacteria, with members representing extremely desiccation-resistant microbes on the 
other hand were absent in this specific environment but present in all other environments as 
the hypersaline saline is light-secured and thus might not support their growth. Radiation-
resistant microbes such as members of Deinococcus-Thermus (Deinococcus, Truepera and 
additional unclassified members), were detected in the glacier samples*, sulphidic spring* 
samples, permafrost* samples and acidic river* samples. Also spore-formers, such as Bacilli 
and Clostridia, in general resisting harsh environments, were found in all environments.  

Cultivation and microbiome analyses reveal different microbial communities that overlap 
only partially. 16S rRNA gene sequences retrieved by NGS and from cultivated isolates were 
compared and searched for an overlap on genus level. 27% of all cultivated genera could be 
recovered by NGS analysis (in both PMA treated and untreated samples) in their respective 
environments. We compared the viable proportion (thus potentially cultivable) with the 
cultivated part and not all environments harbored signatures of their cultivated 
representatives (Table III.4-3). Except Clostridium, none of the cultivated microbial genera 
were found to be represented in a substantial amount within the microbiomes of the 
different biotopes.  
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Table III.4-3 Comparison of NGS data and cultivation efforts. * marks PMA treated samples. 

Cultivation Next generation sequencing 

Isolate (genus level) Number of 

isolates 

Isolated from 

biotope(s) 

Number of 

RSVs 

detected  

Detected in PMA untreated 

samples from: 

Detected 

in PMA 

treated 

sample 

from: 

Aeromonas 2 Sulphidic spring - - - 

Obesumbacterium 1 Sulphidic spring - - - 

Buttiauxella 1 Sulphidic spring - - - 

Clostridium 5 Sulphidic spring, 

acidic lake 

49 Acidic lake, sulphidic spring, glacier, 

permafrost 

Acidic lake, acidic 

river, sulphidic 

spring, glacier, 

permafrost 

Trichococcus 1 Sulphidic spring 3 Permafrost, sulphidic springs Permafrost, 

sulphidic springs 

Desulfovibrio 1 Sulphidic spring 4 Permafrost, sulphidic springs, 

acidic lake, acidic river 

Permafrost, 

sulphidic springs, 

acidic lake 

Citrobacter 2 Sulphidic spring - - - 

Hafnia 1 Sulphidic spring - - - 

Yersinia 6 Sulphidic spring, 

acidic lake 

1 Sulphidic springs Sulphidic springs 

Pelosinus 1 Acidic lake - - - 

Desulfosporosinus 1 acidic lake 6 Permafrost, glacier, acidic lake, 

acidic river 

Permafrost, 

glacier, acidic lake 

Cellulomonas 3 Acidic lake 4 Permafrost, sulphidic springs, acidic 

lake, acidic river 

Permafrost, 

sulphidic springs 

Serratia 1 Acidic lake - - - 

Enterococcus 1 Glacier - - - 

Rahnella 1 Glacier - - - 

Methanomethylovorans 1 Sulphidic spring 1 Sulphidic springs Sulphidic springs 

Halanaerobium 1 Hypersaline 

environment 

1 Hypersaline environment, sulphidic 

springs 

- 

Sodalis  1 Permafrost - - - 
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The sulphidic springs harbor the most diverse microbial community. Within the archaeome 
(following the approach with specific Archaea-targeting primer sets), the highest richness 
and diversity was observed in the sulphidic spring biotopes (observed species: 529.5, 
Shannon index: 4.95; mean of all samples of the sulphidic spring biotope; PMA treated and 
untreated); on the contrary, samples from the acidic lake (pH 3) obtained an overall very low 
microbial richness and diversity (observed species: 14.5, Shannon index: 1.30; mean of all 
samples of the acidic lake; PMA treated and untreated). More details can be found in Figure 
III.4-2a and Supplementary Table 4. With respect to PMA treated and the PMA untreated 
counterparts, the archaeal richness and diversity values were very similar. Also on general 
microbiome level, the samples from sulphidic springs showed the highest diversity (observed 
species: 2589, Shannon index: 6.28 (mean all samples (PMA treated and untreated) of the 
sulphidic spring biotope)), whereas the lowest diversity was observed in samples from the 
hypersaline environment (observed species: 155, Shannon index: 3.8; Figure III.4-2d, see also 
Supplementary Table 5). 

 



III.4. Mars exploration begins on Earth: Systematic comparison of the anaerobic, 
intact and cultivable microbiome of extreme, anoxic, Mars-analogue 

environments 

- 116 - 
 

 

Figure III.4-2 Microbial diversity and network analysis of microbial communities in samples from MASE sites. 
The left panel gives information on the general microbiome, whereas the right panel displays results from the 
archaeome analyses. The alpha diversity (a, d), beta diversity (PCoA plots; unweighted Bray-Curtis distance; 
b,e) and the connections between in the sampling sites is shown as a network (c,f). 
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The beta diversities of the archaeome and the general microbiome were visualized via PCoA 
plots (based on unweighted Bray-Curtis distances; Figure III.4-2b, e). The microbial 
communities derived from the acidic environments such as the acidic river and acidic lake 
(although obtained from geographically remote sampling sites in Iceland and Spain) showed 
high similarity on both PCoA plots (Figure III.4-2b, e), along with the sample from the 
“hypersaline environment”. The permafrost samples (with one exception), the sulphidic 
spring samples and the glacier samples (only “universal” primer set) grouped into own 
clusters.  

To analyse the order of connectivity amongst sampling sites, networks based on archaeome 
and microbiome were constructed (max. dist=1.0, line weight=0.4; Figure III.4-2c, f). 
Regarding the archaeome, the samples derived from acidic environments (acidic lake and 
acidic river) were not highly connected to other sampling sites (only 1 edge connected; 
Figure III.4-2f). The permafrost samples showed a high level of connection to the sulphidic 
springs and one acidic lake sample.  

The microbiome network (max. dist=1.0, line weight=0.4), was overall similar to the 
archaeome network, namely a low connection of acidic environmental samples, but a high 
connection of non-acidic environments (Figure III.4-2f). Notably, the “hypersaline 
environment”, representing an environment with very pronounced physical and chemical 
parameters (dissimilar to the other sampled environments), connected primarily with acidic 
environmental samples. Overall, the hypersaline environment clustered strongly with the 
acidic environments on the microbiome level. This observation could point to a potential 
microbial relationship of both environmental types.  

In order to display the connectivity between the hypersaline environment and the acidic 
environments in more detail, the core genera were determined. Eight overlapping taxa were 
resolved to genus level (Paludibacter, Aquabacterium, Geobacter, Sulfurovum, Beggiota, 
Thiothrix, Spirochaeta_2, and Opitutus). Most of the core taxa were observed to be affiliated 
to Proteobacteria (Supplementary Information Figure 6). 

A comparison between MASE sites and sites with no astrobiological relevance (i.e. Austrian 
streamlet; “Ragnitzbach” and human stool samples) revealed a remote clustering of the 
MASE sites (Supplementary Information Figure 7). This indicates strongly that there is a 
specific community in our MASE sampling sites, which is distinct from sites with no 
astrobiological relevance. 

The prediction of Mars/space-relevant metabolic capacities. Furthermore, we were 
specifically interested in the functional capabilities of the microbial communities of the 
different Mars analogue sites. The major focus was set on resistance, adaptation capability 
and metabolic pathways, with particular interest in the conversion of organic and inorganic 
compounds. 

We predicted the entire set of present pathways (284) and genes (6600) for PMA treated 
samples (including the “hypersaline environment”) using the R tool Tax4Fun (Aßhauer et al., 
2015), and relevant data were extracted from the dataset for further detailed analyses. In 
particular, we were interested in pathways involved in stress resistance, stress responses 
and adaption genes in general. Interestingly, genes encoding functions involved in the basic 
stress and adaption system (i.e. the two-component system) were predicted for all biotopes 
having a general high abundance. This was also true for genes belonging to the family of 
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ABC-transporters. Other stress response systems, such DNA repair (e.g. homologous 
recombination, mismatch repair, base excision repair) could be detected as well and were 
present in each environment (Figure III.4-3a-d).  

Microorganisms thriving in Mars analogues sites were found to potentially exhibit a wide 
variety of genes enabling the degradation of diverse chemical compounds ranging from 
toluene, naphthalene, styrene, glycan and benzoate. Also genes responsible for the 
degradation of amino acids (in particular, valine, leucine, isoleucine, and lysine) were 
present. Their gene abundance was predicted to be the highest in permafrost samples, the 
hypersaline environment and the acidic environment. 

In order to withstand extreme conditions such as desiccation and radiation microorganisms 
must possess several genes responsible for protection/ and or repair mechanisms. In an 
extensive survey of the predicted functional genes set, several genes with that capacity were 
found (i.e. genes responsible for stress response, sporulation, response to starvation, heat 
shocks, hypoxia etc.), but they differ in their abundance (Figure III.4-3e). The most abundant 
predicted genes (>0.005% of selected, stress-relevant predicted genes) comprised genes 
encoding for sporulation, motility, proton pumps, DNA repair (e.g. RadA, RecN) and others 
and are depicted in Figure III.4-3f and Supplementary Information Figure 8. 
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Figure III.4-3 Predicted KEGG3 pathways and network of functional genes of the MASE “universal” microbiome 
(continues on next page). 
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Figure III.4-3 (continuation) The heatmaps in (a-d) display the relative abundance of predicted pathways in 
each sample. (a) shows the genes involved in various synthesis pathways, (b) genes encoding for transporters 
and repair systems (amongst others), (c) genes encoding for the metabolic pathways, and (d) genes encoding 
for degradation pathways . In (e) and (f), genes were selected individually and their abundance is shown as 
networks. Each node represents the summed relative abundance throughout all samples. The size of the nodes 
is representative for the relative summed relative abundance. The edges display the connection to 
corresponding sampling sites (close-up). For (f) genes with a rel. abundance >5% were selected to generate a 
network. The genes are described in detail in Supplementary Information Figure 8. 

 

Physical and chemical parameters that shape the microbiome. Fitting environmental 
variables, namely water activity, temperature and pH values, onto the NMDS ordinations 
revealed that the microbial community variation might be best explained by temperature 
(Supplementary Information Figure 9) followed by pH values. Water activity measurements 
were similar in each site, except for the “hypersaline environment”, which had the lowest 
value (0.7). 

The MASE core microbiome. The core microbiome of all sampling sites comprised (PMA 
treated samples + “hypersaline environment”) four taxa: one taxon could not be assigned on 
the kingdom level, one taxon was classified as bacterium but not further, and two taxa could 
be resolved on genus level: Paludibacter (12 different RSVs present in all sampling sites, 0.3% 
of all RSV counts) and Opitutus (34 different RSVs present in all sampling sites; 0.1% of all 
RSV counts). One RSV deriving from the “sulphidic spring SM*” was found to be very closely 
related to the type strain Paludibacter propionicigenes, an obligate anaerobic bacterium 
producing propionate (Ueki et al., 2006) and two RSVs classified as Opitutus were branching 
very close to the type strain Opitutus terrae, an obligately anaerobic microorganism (Chin et 
al., 2001; “acidic river Gal*“ and permafrost*; Figure III.4-4a, b). 
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Figure III.4-4 The MASE core microbiome. (a) displays a Venn diagram including all genera of samples treated 
with PMA (represented in corresponding sampling sites) and the PMA untreated hypersaline environment. 
Four genera were abundant in all samples. In (b), the phylogenetic tree displays all RSVs, which were common 
in all sampling sites. Available type strain 16S rRNA gene sequences of corresponding genera were included in 
the calculation. 
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The viable core microbiome of all environments (i.e. excluding the PMA untreated 
“hypersaline environment”) exhibited 34 common taxa. Seven of them could be resolved on 
the genus level (namely Bryobacter (35 different RSVs), Candidatus Solibacter (22 different 
RSVs), Acidocella (9 different RSVs), Bdellovibrio (34 different RSVs), Aquicella (16 different 
RSVs), Opitutus (34 different RSVs) and Paludibacter (14 different RSVs) and 20 could be 
resolved on the order level. Most RSVs belong to the family Anaerolinacaea (239 different 
RSVs), followed by members of the order Gaiellales (92 different RSVs) and the family 
Planctomycetaceae (88 different RSVs; Supplementary Information Figure 10). 

The core microbiome of PMA untreated samples representing the Early Mars environments 
and the core microbiome of all PMA untreated samples is shown in Supplementary 
Information Figure 11 and 12. Here 20 common genera were observed and three could be 
resolved to the genus level (Bdellovibrio, Bryobacter and Anaeromyxobacter) in PMA treated 
samples. When including the “hypersaline environment”, two taxa are shared 
(Gammaproteobacteria and unassigned Bacteria).  

Notably, we could not detect any core archaeal taxa.  

None of the mentioned genera in the core microbiome could be retrieved by cultivation. The 
MASE core microorganisms are of uttermost interest, since they could represent excellent 
model organisms for studying adaptation and resistance properties. In order to identify 
potential drawbacks in our cultivation procedures and selected methods, the functional 
capacity of the core microbiome was predicted in silico and compared with the predicted 
functions of the cultivated microorganisms.  

The comparison of predicted metabolic capabilities (Supplementary Information Figure 13) 
revealed a major difference in the need of specific carbon sources 
(Glycolyse/Gluconeogense) and Cofactors. Obviously, due to the faster growth of 
heterotrophs, they were supported by our enrichment procedures, as they were able to 
overgrow other, slow growing (autotrophic?) microorganisms. This explains the low number 
of autotrophic isolates but is encouraging for future cultivation attempts. In the anticipated 
experiments, a higher amount of vitamins and Cofactors, as well as less organic compounds 
should be used. 

 

Discussion 

Here we report, for the first time, on the comprehensive investigation of the viable 
microbiomes hosted by anoxic, Mars-analogue environments exhibiting a wide range of 
physical and chemical extremes. Our study combined a comprehensive site description, 
broad sampling and an extensive molecular NGS-based analysis, supported by a wide-
ranging cultivation approach. The latter comprised 1034 enrichment attempts, that resulted 
in 69 stable enrichments and 30 anaerobic, pure bacterial isolates and one archaeon 
(Methanomethylovorans sp.; Cockell et al., 2016b). Our restricted time-frame, however, did 
not allow, the cultivation of slow-growing autotrophs, which are of higher interest with 
respect to the scarce amount of organics on Mars (Freissinet et al., 2016; Sutter et al., 2016).  

To our knowledge, our study is the first, using propidium monoazide (PMA) to mask 
background DNA from dead microorganisms in Mars-analogue extreme settings. This 
method allowed us to retrieve information on a vast diversity of the microbiomes and 
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archaeomes of the intact and thus probably living microbial communities. However, the 
diversity found was only partially covered by cultivated isolates, a phenomenon already 
described earlier (Ellis et al., 2003; Donachie et al., 2007; Lagier et al., 2012; Dubourg et al., 
2013). Information on a diverse set of (anaerobic) taxa, which were present in all sampling 
sites could be retrieved, and also several signatures of taxa with astrobiological relevance 
were detected (Rivkina et al., 2004; Ganzert et al., 2007; Blank et al., 2009; Amaral-Zettler et 
al., 2011; Sánchez-Andrea et al., 2011). Noteworthy, a large fraction of signatures could not 
be phylogenetically assigned and the role of respective microorganisms in these extreme 
environments remains unclear. 

In-silico analysis predicted each microbiome to be equipped with resistance and adaption 
capacities, which might enable the microorganisms encoding the corresponding genes to 
survive in their respective extreme biotopes. A cosmopolitan group of (mostly) mixotrophic 
and anaerobic microorganisms was able to reside in Early Mars analogue settings and a small 
fraction thereof (namely Opitutus and Paludibacter; Chin et al., 2001; Ueki et al., 2006) was 
also observed to withstand potential Present Mars analogue conditions. However, the 
predicted metabolism of the core genera was not targeted by our standard cultivation 
medium and, thus, as a logic consequence, most core microorganisms escaped our 
cultivation efforts.  

Hardy and versatile microbes are highly relevant in astrobiology, and their cultivation 
deciphers new insights into their potential for resistance to extremes. A number of potential 
model organisms was retrieved, which directly feed into the other goals of the MASE project, 
namely studying the limits of growth of selected isolates, deciphering the molecular 
principles of resistances, analysing the genomic inventory of representative microbes, 
studying the fossilisation processes and detectability of biomarkers during artificial 
fossilisation, and the optimisation of automated life detection (Cockell et al., 2016b).  

Overall, our study showed that anaerobic microbial communities from Mars-analogue 
settings on Earth possess an impressive machinery to withstand physical and chemical 
pressures. Notably, a small subset of signatures from viable microorganisms was found in all 
different environments analysed, revealing the presence of poly-extremotolerant 
allrounders, that could be perfectly well-suited for inhabiting also extraterrestrial 
environments with variable conditions. Overall, the outcome of the MASE project will 
certainly be a highly valuable catalogue for microbial community analysis in anoxic 
environments, with a strong impact for the search for life in the universe. 
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IV. General Discussion 
 

This thesis reports on the results of a comprehensive investigation upon microbial 

communities hosted by extreme environments. Cold sulphidic springs harboured a 

fascinating archaeal biofilm, formed by the SM1 Euryarchaeon. The cells exhibited unique 

cell surface appendages (“hami”) and a double-membrane, positioning it into an 

extraordinary place amongst the Archaea (Perras et al., 2014; Probst et al., 2014b; Perras et 

al., 2015). Their biofilms present in two distinct spring systems were investigated and 

confirmed strain specific variation on ultrastructural level (Perras et al., 2014; Probst et al., 

2014a). Furthermore, the hamin protein was speculated to diverge from S-layer proteins.  

A second extreme environment was represented by the International Space Station (ISS). 

The ISS orbits Earth as a man-made confined extreme biotope and primarily harbours well-

adapted human-associated microorganisms (Checinska et al., 2015). Eight to twelve year old 

dust samples derived from the Russian ISS modules contained archaeal signatures and 

cultivated ISS microorganisms showed an extraordinary range of stress resistances (Mora et 

al., 2016b). A large set of anoxic terrestrial Mars-analogue settings delivered novel model 

organisms to support the search for extraterrestrial life. A comprehensive NGS and 

cultivation-based survey within the frame of the MASE (Mars Analogues for Space 

Exploration) project described a high diversity of microorganisms. A cosmopolitan group of 

viable, anaerobic novel model organisms was observed to reside in all settings (Perras et al., 

2016). The findings provide new aspects for the search of extraterrestrial life. 

1. Small size matters! Recent findings on the grappling SM1 Euryarchaeon 

The uncultivated SM1 Euryarchaeon is dominating subsurface biofilms within two sulphidic 

springs in Bavaria, Germany (Islinger Mühlbach and Sippenauer Moor). The biofilms 

underwent an extensive genetic, chemical and ultrastructural analysis with results 

emphasising the outstanding position of the SM1 Euryarchaeon within the archaeal world.  

Although the SM1 Euryarchaeon positions within the group of methanogens in phylogenetic 

trees (Rudolph et al., 2001), it is not capable of methanogenesis which is a characteristic trait 

of methanogens (Balch et al., 1979; Probst et al., 2014b). Based on metagenomic studies, the 

SM1 Euryarchaeon genome is missing genes for the complete methanogenic pathway. 
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Intriguingly, unique metabolic features including a novel autotrophic pathway, namely a 

reductive acetyl-CoA pathway, was revealed (including two independent C1 carrier 

pathways; Probst et al., 2014b). This feature is common in methylotrophic bacteria 

(Chistoserdova et al., 1998), but is rarely described in this form for Archaea. The pathway 

was confirmed by transcriptomic studies and is speculated to serve for carbon dioxide 

fixation and assimilation into activated acetic acids. The energy metabolism was 

hypothesised to rely on CO and H2 (Probst et al., 2014b), but the pathway was not fully 

uncovered and potential electron donors/acceptors have yet to be elucidated (Probst et al., 

2014b). This is of uttermost interest, since the knowledge of a fully resolved metabolism 

delivers valuable hints for its cultivation.  

Next to metabolic pathways, the state of division was investigated. Amongst others, the cell 

division triggering gene FtsZ was identified to be encoded and its transcription was 

confirmed. A prerequisite for an active cell division is the aggregation of FtsZ proteins 

forming a ring-like structure. Immuno-staining experiments targeting FtsZ homologues 

proved the forming of these ring-like structures in ~73% of all SM1 Euryarchaeon cells. This 

result was confirmed by TEM and FIB-SEM imaging. Thus, the majority of SM1 euryarchaeal 

cells are in a continuous growth and viable (95% of all cells within the biofilm; Henneberger 

et al., 2006). It remains to be proven if their growth is restricted to the (deep) subsurface or 

also occurs at the surface, as it was assumed earlier (Moissl et al., 2003). 

These findings motivated further cultivation attempts. In the frame of the MASE project, the 

sulphidic spring were assigned as Mars-analogue environments due to their cold, organic-

poor and sulphate-rich conditions (Cockell et al., 2016b). In particular the ability to form 

biofilms suggests the SM1 Euryarchaeon as a promising model organism for astrobiology. 

Biofilms can cope better with chemical and oxidative stress compared to their free-living 

counterparts and show an enhanced rate of survival when exposed to Martian simulations 

(Bridier et al., 2011; Burmølle et al., 2006; Geier et al., 2008; Baqué et al., 2013). Cultivation 

attempts of the SM1 Euryarchaeon were extensively performed, however, none of the 

attempts were successful (Cockell et al., 2016b; Perras et al., 2016).  

In very recent studies, multiple protein markers replaced 16S rRNA environmental markers 

and merged the SM1 Euryarchaeon and close relatives into a new monophyletic 

euryarchaeal order: Candidatus Altiarchaeales (“deriving from the deep”; Probst et al., 
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2014b; Probst and Moissl-Eichinger, 2015), which branches within the novel phylum DPANN 

(Rinke et al., 2013). The SM1 Euryarchaeon is proposed to be named “Candidatus 

Altiarchaeum hamiconexum sp. nov.” and is described in detail in Probst et al., 2014b. The 

proposed name will replace the term “SM1 Euryarchaeon” throughout the following text. 

Members of the order Candidatus Altiarchaeales are widespread and were also very recently 

detected in the Crystal Geyser spring (USA; Probst et al., 2014b) and deep anoxic methane 

and sulphide rich sediments (USA; Bird et al., 2016). Genome and metagenomic analysis 

confirmed an order-wide and novel autotrophic metabolism. Based on further phylogenetic 

investigation, the order was subdivided into the Alti-1 and Alti-2 subclades (Bird et al., 2016). 

Alti-1 contains organisms from actively flowing springs (Islinger Mühlbach, Sippenauer Moor 

and the Crystal Geysers), equipped with genes encoding for hami structures and biofilm 

formation. In contrast, the more diverse and widespread clade Alti-2 contains planktonic, 

free-living members lacking hami-encoding genes (Bird et al., 2016, Figure IV.1-1).  

 

Figure IV.1-1 Distribution of Altiarchaeales signatures present in the NCBI database is shown on a global map 
(A). The phylogenetic tree (B) is based on conserved universal proteins and shows the new subdivision of 
Altiarchaeales in Alti-1 and Alti-2. The images were taken from Bird et al., 2016 

 

The biofilms of the Islinger Mühlbach are highly dominated by multiple Candidatus 

Altiarchaeum hamiconexum strains (relative abundance: 87.7%; Probst et al., 2014b) and a 

minor proportion of a close relative (IM-C4; relative abundance: 1.3%, branching within the 

Alti-2 clade; Probst et al., 2013b; Probst et al., 2014b). 
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Within the biofilm, different species of sulphate-reducing bacteria represented 3.7% of the 

microbial community (mainly Desulfocapsa; Deltaproteobacteria). The bacterial community 

of the two biofilms varied at species and strain level, but the overall Archaea-predominated 

microbial composition remained similar (Probst et al., 2014a; Probst et al., 2014b). This 

microbial composition was constantly observed over a period of ten years and strongly 

suggests an interaction of the two domains (Probst et al., 2014a). Such an inter-domain 

interaction was exclusively observed in the anaerobic, methane-oxidizing archaea consortia 

thus far (ANME; Lloyd et al., 2006) .  

As mentioned before, molecular analyses based on unique gene markers proved two site-

specific strains (Probst et al., 2014a). In other words, Candidatus Altiarchaeum 

hamiconexum deriving from the Sippenauer Moor (Ca. A. hamiconexum-SM) is 

phylogenetically distinct from the strain hosted by the Islinger Mühlbach (Ca. A. 

hamiconexum-MSI). Furthermore, cells from both sites exhibit significantly different sizes as 

confirmed by comprehensive ultrastructural analysis (Perras et al., 2014).  

A typical archaeal cell envelope is composed of one membrane often covered by a highly 

ordered, crystalline sheath, the S-layer. Both Ca. A. hamiconexum strains possess a double 

membrane which is composed of glycosyl-archaeol lipid species (Probst et al., 2014b; Perras 

et al., 2015). In general, the dimensions of the membranes reflect bacterial Gram-negative 

cell membranes (Perras et al., 2014). Only few archaeal species namely Methanomassilicocus 

luminyensis (Dridi et al., 2012; Lang et al., 2015), Ignicoccus hospitalis (Rachel et al., 2002), 

Ca. Methanoplasma termitum (Lang et al., 2015) and ultrasmall ARMAN cells (Comolli et al., 

2009) exhibit a double membrane system. This trait might be more widespread amongst 

Archaea, since a recent study demonstrated the challenging preparation of the sensitive 

archaeal outer membrane (Klingl, 2014; Lang et al., 2015). Presumably, archaeal outer 

membranes might have been disrupted along the preparation procedure and the 

composition might be incorrectly considered as one single membrane. This emphasises the 

need of a detailed and careful re-examination of accessible archaeal membrane layers 

(Perras et al., 2014; Lang et al., 2015).  

Double membranes may have many benefits, such as the intra- and inter-species interaction. 

These are particularly found in members of syntrophic partnerships (Orphan, 2009). The 

importance of the Ca. A. hamiconexum double membrane is not clear, however, it is 
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speculated that it provides an advantage in the potential interaction with bacterial partners. 

Interaction with Bacteria was observed to be primed by the hami. Occasionally, filamentous 

bacteria were observed to be cocooned almost completely by hami (Perras et al., 2014; 

Probst et al., 2014b). Remarkably, contact with only one filamentous morphotype was 

observed, indicating a certain type of interaction whose role remains unclear. Noteworthy, 

the cells of some of these bacteria often showed numerous perforations. These pictures 

created the impression of a predatory archaeon, which perforate the cell wall by using the 

anchor-like hami as instruments and nourish bacterial substances. This is highly speculative 

and would assign hami as weapons. A number of predatory bacteria were frequently found 

in the past (Makkar and Casida Jr, 1987). Bdellovibrio for instance, uses its polar flagellum to 

attack, kill and feed on their prey (Starr and Baigent, 1966). The most striking advantage of 

this behaviour is an enhanced accessibility of nutrients. Ca. A. hamiconexum might eliminate 

bacterial competitors entrapped within the biofilm and simultaneously obtain valuable 

energy sources in its nutrient-poor environment. The ability of biofilm formation is restricted 

to Alti-1 members and has only been observed in the Bavarian spring waters. It appears to 

be advantageous within this specific biotope, however, is it unknown how planktonic cells 

cope with their environment without hami.  

The hami are intriguing from any point of view. Filaments were confirmed to be composed 

of one major protein subunit (120 kDa; Moissl et al., 2005; Perras et al., 2015), and the 

protein sequence was not homologues to any known prokaryotic cell-surface appendage 

(e.g. pili, flagella, fiber, curli, archaella). In silico analysis predicted the secondary structure of 

a prominent beta sheet topology, which is known to prime for self-assembly (Makabe et al., 

2006). The hamus structure is unique in its full extent, however, the prickle region strongly 

resembles the trimer symmetry of S-layer proteins SlaB expressed by the archaeon 

Sulfolobus solfataricus (Baumeister and Lembcke, 1992; Figure IV.1-2).  
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Figure IV.1-2 The tomographs show the side and top view of SlaB proteins and of the hamus prickle region. The 
grey cylinders indicate SlaB anchor stalks (not fully resolved) and are known to be 20nm in length (Baumeister 
and Lembcke, 1992). The images were kindly provided by Dr. Bertram Daum, MPI (Frankfurt). 

 

The smaller dimensions of the SlaB proteins may be explained by the lower molecular weight 

of the protein subunits (45 kDa). The SlaB proteins are anchored in the cytoplasmic 

membrane and form the stalk region. Coiled-coil regions form a trimer and extend into the 

surface (Veith et al., 2009). In addition, the secondary structure was described to contain the 

self-assembly priming beta sheet topology typical for euryarchaeal S-layers (Arbing et al., 

2012). Three-dimensional structures, which resemble hami on first sight, were also observed 

on the surface of Staphylococcus marinus. The tetrabrachion protein organizes into an 

umbrella-like morphology and distal-branched quadruple arms (Peters et al., 1995; 

Engelhardt and Peters, 1998).  

The full-length sequence of the hamus-assembling major protein species lacks a remarkable 

homology to known S-layer proteins. A highly similar S-layer pattern was exclusively given in 

the N-terminal region of the hamus protein. Considering the structural resemblance to 

certain S-layer structures, it seems likely that the hamus structure diverged from ancient S-

layer proteins. S-layers are the proposed ancient cell wall type for Archaea. Such protein 

layers provide an extraordinary protection in osmotically challenging and high-temperature 

environments (Völkl et al., 1993). S-layers are also assumed to be precursors of more 

complex cell walls and might therefore have helped to stabilise early cells (Sleytr and 
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Plohberger, 1980). As soon as stable cell envelope polymers evolved, the significance of such 

functions might have been lost. By acquiring a protective double membrane, an ordered 

mono-protein layer might have evolved to well-defined hami filaments with similar 

temperature and pH resistance properties in Ca. A. hamiconexum. S-layers provide porosity, 

depending on the pore size. It can be speculated that a loss of the S-layer was 

complemented by a periplasmic space within the double membrane, which provides 

regulated permeability besides mechanical protection (Engelhardt, 2007).  

In general, control of translocation and anchoring of cell surface appendages depends on cell 

envelope composition (e.g. single membrane or double membrane) and the nature of the 

protein. In Archaea, natural association of S-layers with the cytoplasmic membrane occurs 

only by hydrophobic stretches of proteins (e.g. SlaB stalks; Baumeister and Lembcke, 1992), 

which act as anchors to immobilise the proteins and lipids. Hami span both membranes and 

their anchor system is most likely located within the inner cell membrane (Probst et al., 

2014b). Released hami, which were examined by transmission electron microscopy showed 

a supporting stalk-like anchoring structure (“thorn”), which are assumed to protrude into the 

cytoplasm of the host cell (Probst et al., 2014b). However, this results needs to be confirmed 

using, for instance, ultrathin sectioning combined with immunogold labelling (Meyer et al., 

2014). Based on these observations, a convergent bacterial type 4 pili formation was 

envisaged (Probst et al., 2014b; Perras et al., 2015). The bacterial type 4 secretion system 

involves the outer membrane and translocates pilin precursors into the cytoplasmic 

membrane by the Sec pathway (Arts et al., 2007; Francetic et al., 2007). Subsequently, the 

positively charged signal peptide triggers cleavage, which results in mature pilins with a 

highly hydrophobic N-terminus providing the scaffolding interface (Bardy et al., 2003; 

Pohlschröder et al., 2005; Ng et al., 2007; Albers and Pohlschröder, 2009). A similar leader 

peptide was identified in the hami aminoacid sequence (position 1-27), which suggests a 

similar assembly of hami filaments.  

The major hamus-forming protein was identified; however, it is very likely that more 

associated proteins are involved. Preliminary experiments revealed a pore-like structure, 

which might facilitate the secretion of hami proteins (Figure IV.1-3). The identification of 

assembly- and anchor-associated proteins might be possible by co-immunoprecipitation 

assays and is anticipated in future experiments (Perras et al., 2015).   

http://www.linguee.de/englisch-deutsch/uebersetzung/permeability.html
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Figure IV.1-3. The tomograph depicts a hamus filament and the associated pore-like structure. The pore-like 
structure warrants the translocation of hamus proteins (OM= outer membrane). The electron image was kindly 
provided by Dr. Bertram Daum, MPI (Frankfurt).   

 

The exceptional traits of the hami filaments (nano-grappling tripartite hook, high stability 

and flexibility) provide them as ideal tools in nanobiotechnology. As already mentioned, the 

hami host refused any laboratory cultivation so far. Consequently, for sufficient hami 

production, heterologous expression systems were necessary. The fundament for these 

experiments relies in the resolution of the full-length gene sequence encoding the hamus 

major subunit. This was facilitated in recent studies based on metagenome data (Perras et 

al., 2015). The Ca. A. hamiconexum-MSI possesses six homologues open reading frames 

(ORFs) potentially encoding the hamus gene (Probst et al., 2014b). Transcriptomic studies 

combined with MALDI-TOF analysis revealed the encoding gene with a length of 2691 bp 
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(Perras et al., 2015). This gene sequence and the resulting amino acid sequence were 

patented (“Microbial nano-tool”; publication number: WO2016180762 A1; Moissl-Eichinger 

et al., 2016b). The hamus major subunit protein is accordingly named “hamin protein”. The 

heterologous expression of the hamin protein failed in commercially available E. coli strains 

(Perras et al., 2015) and was also not feasible using human embryonic kidney cells 

(FreestyleTM 293-F cells, the experiments were carried out by LifeSciences, Regensburg). 

However, hamin-transformed eukaryotic Baculovirus System (IF9 cells) expressed 

recombinant proteins having an expected weight as shown by immunoblot analysis (data not 

shown, the experiments were carried out by LifeSciences, Regensburg). Another suitable 

host system is represented by Pichia pastoris. P. pastoris is preferable, because the 

expression imparts various functional advantages including ease of purification. In 

preliminary experiments the expression and even secretion in the medium was observed, 

however, only in low rates (data not shown). In future experiments, a high scale production 

of hamin proteins is anticipated. Further steps include heterologous expression as well as 

purification and correct folding of the polypeptide, which will be monitored by electron 

microscope imaging. The expression and folding of similar high-molecular proteins proved to 

be challenging in the past (e.g. spider silk, proteins; Heidebrecht and Scheibel, 2012; Schacht 

and Scheibel, 2014) and might be also true for hamin proteins.  

However, the range of potential industrial applications for hamus filaments is convincing. 

Their properties (high stability, high flexibility, highly adhesive, biological degradable) offer 

the implementation for medical (e.g. coating of medical devices as implants and transplants, 

use as biologically degradable patches), and non-medical purposes (e.g. adhesive glue 

system in particular in moist systems, nano-robots etc.). The results presented in this thesis 

pave the way for the exploitation of hami filaments in various fields of nanobiotechnology. 

2. Survival specialists deriving from the ISS 

The ISS represents a multifunctional research platform, which is used to perform a wide 

range of scientific experiments. This sealed environment is providing a habitable 

environment for human beings and their accompanying microorganisms for more than 16 

years. To ensure a safe and secure working place onboard the ISS as well as for future long-

termed space missions, a broad knowledge on microorganisms and their interaction with the 

environment and humans onboard the ISS is essential.  
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Cultivation combined with cultivation-independent analysis revealed a comprehensive 

microbial picture of remarkably long-term stored (8-12 years) dust samples deriving from 

the Russian modules of the ISS (Mora et al., 2016b). Investigation was carried out in the 

frame of the European Space Agency (ESA) flight project “Extremophiles” (former: “ARBEX” – 

Archaeal and Bacterial Extremophiles onboard the ISS; Moissl-Eichinger et al., 2016a;) and 

revealed (i) the presence of hardy microorganisms equipped with a wide range of 

resistances and (ii) signatures of Archaea onboard the ISS. The latter were detected for the 

first time onboard the ISS and hence, in an extraterrestrial setting (Venkateswaran et al., 

2014; Checinska et al., 2015; Mora et al., 2016b). In particular, reported archaeal 

Nitrososphaera and Methanobrevibacter ISS-signatures were also found in and on the 

human body as well as in cleanroom environments, which underlines crewmembers as their 

main track-back source (Probst et al., 2013a; Gaci et al., 2014; Moissl-Eichinger, 2011). The 

archaeal role and impact on the human body is still unclear and so far, no study reports a 

clear and fundamental evidence for a positive or negative influence of Archaea. Archaea are 

essentially not proven to be pathogenic, and therefore human-associated studies received 

less attention (Cavicchioli et al., 2003; Gill and Brinkman, 2011). Only assumptions on 

potential harmful or beneficial impacts on health were drawn and still more evidence is 

needed (Triantafyllou et al., 2013; Brugère et al., 2014). It also remains to be elucidated if 

Archaea onboard the ISS threaten/ favour the health of crewmembers or do not have any 

influence at all. Noteworthy, no archaeal cultivated isolate deriving from the ISS was 

obtained yet (Mora et al., 2016b). Furthermore, respective samples for molecular analysis 

treated with propidium monoazide (PMA), a marker for cell wall integrity, resulted in 

negative signals in 16S rRNA gene amplification. These observations may include that the 

archaeal proportion was not viable anymore due to a lack of desiccation resistance. 

However, the analysis is based on old dust samples, which give no indications on the 

situation at the time point of sampling. The analysis of freshly taken samples is therefore of 

uttermost interest and is included in the scope of future projects. This will include thorough 

cultivation efforts focusing on archaeal isolates.  

Cultivated isolates enable the analysis of metabolic activity and responses to stressors. 

Cultivation attempts retrieved bacterial and fungal representatives (in total 85 isolates 

belonging to 34 unique strains) equipped with a high desiccation resistance. The majority of 

genera were also detected in other parts of the ISS and spacecraft assembly cleanrooms 
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(Castro et al., 2004; Novikova et al., 2006; Ghosh et al., 2010; Moissl-Eichinger et al., 2013; 

Koskinen et al., 2016; Checinska et al., 2015). Onboard the ISS, the community of the US and 

the Russian module was heterogeneous on species level, which was in line with results from 

molecular analysis, and underlines a distinct microbial community in the modules. Nineteen 

strains were tested upon their susceptibility against a wide range of clinically-relevant 

antibiotics, which partly belong to the medical inventory onboard the ISS (NASA, 2016). 

Similar studies reported an altered resistance to antibiotics, when the microorganisms were 

grown in space (Tixador et al., 1985b). In our study, eighteen isolates exhibited resistance 

against at least one of the tested antibiotics.  

It is long known that some bacteria exhibit an altered behaviour in microgravity when 

compared to their growth characteristics on Earth. This includes biofilm formation (Kim et 

al., 2013), enhanced growth rates (Coil et al., 2016), development of a thicker cell envelope 

(Tixador et al., 1985a), and enhanced pathogenicity (Wilson et al., 2007). Noteworthy, an 

increased rate of bacterial conjugation was observed as well (Ciferri et al., 1986). All 

obtained isolates from our study were non-pathogenic, but one might speculate that an 

enhanced antibiotic resistance may be transferred from non-pathogenic to potentially 

present pathogenic microorganisms, which would challenge the treatment of infections. 

Thus, alternatives to antibiotic treatment of diseases such as antibacterial peptides are 

subject of intensive research (François et al., 2016). 

The presented findings include viable microorganisms deriving from long-term stored and 

space-related dust samples with outstanding resistances. In future experiments, these 

results will be compared to fresh samples from the ISS. Upcoming findings will help to 

decipher potential discrepancies within the microbial community, which might result of 

more than a decade of storage. The ISS exemplifies similar vehicles, which will travel to Mars 

and beyond. Microbiological findings in this regard help to plan future manned long-termed 

missions and to provide a healthy and microbiologically secure workplace for the crew 

members.    
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3. Terrestrial extreme, Mars-like habitats: Implications for extraterrestrial 

life? 

In 2004, as methane outbreaks were detected on Mars (Formisano et al., 2004), researchers 

enthusiastically speculated on methanogens as a potential source (Moran et al., 2005). 

Present Mars might even provide habitable subsurface environments (“hot spots”; Rettberg 

et al., 2016), which are protected from radiation and other harmful life-limiting factors. 

Nevertheless, Mars is characterised by a variety of other extreme conditions and it remains 

to be elucidated if life is or was able to withstand them.  

Mars changed its appearance with respect to climate change and associated water 

availability. Three different chronological climatic changes are speculated: (i) a water rich era 

in the early years, (ii) a subsequent cold and semi-arid era, and (iii) a final, still lasting very 

cold desert-like era (Fairén et al., 2010) The first two eras are referred to as Early Mars and 

the third condition as Present Mars. Terrestrial Mars-analogue studies assist to get an 

understanding of possible Mars lifeform evolution throughout the eras. 

Early Mars resembling terrestrial settings are, for instance, represented by acid sulphate 

lakes in Western Australia (Baldridge et al., 2009), and the Rio Tinto basin in Spain (Amils et 

al., 2007; Fernández-Remolar et al., 2008). Permafrost settings in the Antarctica resemble 

conditions later into the history of Early Mars (Dickinson and Rosen, 2003). Conditions of the 

hyper arid Present Mars are found for instance in the Atacama Desert (Navarro-González et 

al., 2003) and in Australian deserts (Mann et al., 2004). 

These environments on Earth partly exhibit the conditions prevalent on Mars, however, 

none of them reflect all of them in a combined manner (Moissl-Eichinger et al., 2016a). 

Geochemistry and biodiversity of Mars-analogue environments were extensively studied to 

elucidate implications for extinct or extant life on Mars. One crucial but widely ignored 

condition on Mars is the lack of oxygen. This is of uttermost interest, since the growth of 

microorganisms on Present and Early Mars is limited on (facultatively) anaerobic 

microorganisms. Another limiting factor concerns life on Present Mars: In the course of 

losing the atmosphere, Mars became unprotected against radiation. This was not severe in 

the Early history of Mars and is also not severe for protected subsurface areas, but remains a 

crucial life-limiting fact for any life on the surface of Present Mars. Knowledge on terrestrial, 
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anaerobic microorganisms capable of thriving in Mars-like, anoxic environments is sparse 

and thus needed to be extended.  

Within the frame of the MASE project (Mars Analogues for Space Exploration) we focused on 

the anaerobic microbial community of diverse extreme environments to determine the 

phylogenetic and (possible) functional diversity of the anaerobic microorganisms thereof 

(Perras et al., 2016). In order to get a comprehensive picture of the microbial diversity we 

combined NGS with cultivation. The selected extreme environments were similar to Early 

Martian conditions, namely acidic environments, sulphidic environments, frozen 

environments and Present Martian conditions, namely brines, which reflect recurring slope 

lineae on the surface (RSL; Chevrier and Rivera‐Valentin, 2012; Ojha et al., 2014; Ojha et al., 

2015). It has to be emphasised that all above mentioned Martian analogue sites do not cover 

all environmental conditions prevalent on Mars. However, these sites reflect some of the 

closest possible terrestrial Martian conditions. In addition, the reaction of cultivated 

microorganisms to Martian stressors were simulated in laboratory facilities (Beblo-

Vranesevic et al., 2016). 

Our cultivation attempts recovered 31 primary mixotrophic and facultatively anaerobic 

isolates (Cockell et al., 2016b; Perras et al., 2016). High cultivation success was achieved in 

the sulphidic spring environment. Almost 58% of all isolates were retrieved from this 

environment. The least successful cultivation was obtained from the permafrost samples 

(3.2%). Microorganisms obtained from very cold environments exhibit generally a slow 

growth rate in their natural environment and also under laboratory conditions due to slow 

metabolism at low temperatures (Panikov and Sizova, 2007). We expect growth in further 

enrichment approaches, however, the restricted time-frame has not yet allowed obtaining 

further cultivated isolates.  

Most of the cultivated microorganisms belong to the phyla Proteobacteria (51%) and 

Firmicutes (32%) with a high proportion of Yersinia and Clostridium species. Clostridia are 

spore-formers, known to resist a wide variety of harsh conditions, and consequently have a 

high astrobiological relevance (Mendez et al., 2005). In contrast, members of non-spore 

forming Yersinia genera are rather known from a medical perspective. Relatives of the MASE 

isolate Yersinia intermedia, such as Yersinia pestis and Yersinia pseudotuberculosis are the 

causative agents of diverse and severe diseases (Perry and Fetherston, 1997; Koornhof et al., 
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1999; Smego et al., 1999). Genomic (data not shown) and phylogenetic analysis (Boghenbor 

et al., 2006) suggests that our MASE Yersinia intermedia, which has been isolated from of an 

acidic environment, is non-pathogenic for humans. The isolate was subjected to various 

Mars-simulated stressors such as desiccation, radiation, nutrient starvation, high amounts of 

perchlorates and combinations thereof. Noteworthy, this isolate did not show high 

tolerances against radiation, but surprisingly, the bacterium was particularly high tolerant 

against desiccation and perchlorate ions compared to other Yersinia species and other 

model organisms (Beblo-Vranesevic et al., 2016; Gut et al., 2016). Perchlorate ions are 

prevalent in Martian soils (Hecht et al., 2009) and were considered to hamper the 

persistence of life in very high concentrations (0.4 M is the limit for some halophilic archaea 

and bacteria; Oren et al., 2014; Matsubara et al., 2016). However, even a high concentration 

of 2.4 M did not limit the survivability of the MASE Yersinia strain.  

Radiation and desiccation stressed MASE Yersinia intermedia cells were artificially fossilised 

and tested upon its potential for preservation and biomarker detection (Gaboyer et al., 

2016). Artificially fossilised microorganisms give valuable information on biosignature 

detection on Mars as microbial fossils are speculated to be prevalent on the radiation-

exposed surface (Westall, 1999). As shown recently, preservation of MASE Yersinia was 

possible, however, no biomarkers were detected using state-of-the-art techniques (i.e. 

SOLID-Chip; Parro et al., 2005).  

In summary, our MASE Yersinia intermedia isolate is supposed to be a new model for 

astrobiology. The MASE Yersinia genome underwent shotgun-sequencing and future 

experiments include investigations on its genetic repertoire. The outcome may elucidate 

potential resistance machineries. Several other MASE Yersinia isolates were obtained from 

the pH neutral sulphidic springs as well. The question remains, if the resistance is promoted 

by the acidic environment or if it is also applicable on other sulphidic spring Yersinia isolates. 

Further resistance tests on these isolates will elucidate the answer.  

NGS analysis allowed a more comprehensive insight into the overall microbial community. 

The overlap of genera obtained by cultivation and by NGS was 27%. A large portion of the 

cultivated isolates remained hidden in NGS approach and vice versa. This phenomenon was 

already observed earlier (Koskinen et al., 2016; Mora et al., 2016b) and emphasises once 
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more the importance of combining high-throughput sequencing methods with cultivation 

approaches. 

The cultivation-independent approach using NGS recovered a broad archaeal and bacterial 

diversity. The microorganisms are potentially pre-armed with a wide variety of resistance 

mechanisms, which enable them to reside in extreme environments. By using NGS in 

combination with the chemical compound propidium monoazide (PMA), we revealed the 

viable part of microorganisms (meaning microorganisms having an intact cell wall). We 

identified 34 genera, which were present in all MASE Early Mars settings. Assigned genera 

were classified as Opitutus, Paludibacter, Candidatus Solibacter, Acidocella, Bdellovibrio, 

Aquicella, and Bryobacter. These core genera represent a cosmopolitan group of 

microorganisms, which are able to tolerate a range of Early Mars analogue conditions. We 

included the hypersaline environment into our calculations and obtained two (assigned) 

common genera throughout Early Mars and Present Mars settings: Opitutus and 

Paludibacter. Both genera comprise anaerobic species and thus fulfil one essential 

prerequisite to thrive on Mars. We elucidated the microbial core community which might be 

able to thrive in Early Mars settings and might withstand conditions on Present Mars. Early 

Mars, which offered life-friendly conditions, allowed the emergence of microbial life. In the 

course of the Martian climatic change, microorganisms either adapted to the drastically 

changing environment or became extinct. Our model organisms for outlasting 

microorganisms are speculated to resemble Paludibacter and Opitutus, since they withstand 

both, Early and Present Mars-like conditions.  

Noteworthy, we need far more evidence to prove this warranted speculation. First, 

Paludibacter and Opitutus are in the scope of cultivation approaches. Their tolerance 

capacity against desiccation, radiation and other Mars-conditions need to be tested on first 

hand, which is only possible with cultivated isolates. Second, it remains to be proven 

whether Opitutus and Paludibacter can be also obtained from other, non-MASE Mars 

analogue sampling sites. Our Present Mars analogue environment comprises only one 

setting so far and more are needed for strong evidence. They might include Present Mars 

analogues like the Atacama Desert (Navarro-González et al., 2003) and brine lenses in 

permafrost settings (Dickinson and Rosen, 2003).  
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In the course of this thesis, the taxonomic assessment of three not-MASE-related extreme 

environments was accomplished. These environments resemble various Mars conditions 

with respect to radiation dose and water accessibility and harbour dissimilar abiotic 

conditions. 

a) The first environment, namely the Yellow-Oily Lake, Dallol, is a hydrothermal 

(~40°C), hypersaline spring, which is characterised by low pH values. In cooperation 

with Karen Francis-Olsson (UK) and Barbara Capaccioni (Italy), DNA was extracted 

using an appropriate protocol (Moissl-Eichinger, 2011) and sequenced. Data 

processing was carried out as described earlier (Mora et al., 2016b, Perras et al., 

2016).  

b) The second environment is located in the East Antarctica (Central Queen Maud Land, 

Lake Untersee). The lake is described as ultra-oligotrophic and sediments resemble 

permafrost-like settings. The project was carried out in cooperation with Birgit Sattler 

and Klemens Weisleitner (Austria). Sampling was performed by Klemens Weisleitner. 

Sample processing, sequencing and data processing was carried out as described 

earlier in the course of this thesis. 

c) The third location was settled in Brasilia. Sampling was performed by Petra 

Schwendner (UK). The sampling site was exposed to high doses of radiation (pers. 

communication Petra Schwendner).  

 

Ribosomal Sequence Variants (RSVs, Callahan et al., 2016a) obtained from Dallol samples, 

Lake Untersee samples, Brasilia samples, and MASE samples by an “universal approach” 

(primer set targeting Bacteria and Archaea; Caporaso et al., 2012) are depicted in a PCoA 

plot (unweighted Bray-Curtis distance) in Figure IV.3-1. Further details on data processing 

can be found in Mora et al., 2016b and Perras et al., 2016.  
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Figure IV.3-1 The PCoA plot (unweighted Bray-Curtis distance) summarises the similarity of all Mars-analogue 

samples processed in the frame of this work. The samples were not treated with PMA, and extracted DNA was 

amplified using the “universal” primer set as suggested by Caporaso et al., 2012. Raw data was processed using 

the protocol as described in Perras et al., 2016.  
 

A strong clustering of all MASE samples (orange) highlights a close microbial similarity. 

Antarctica samples (blue), Dallol samples (green) and Brasilia samples (pink) form their own 

clusters, however, scattered along the PC2 axis rather than forming strong groups. Some 

samples show very high similarity to the MASE samples: (i) four Antarctica samples deriving 

from an ice-core cluster directly along with the MASE samples, (ii) two anoxic sediment 

samples cluster very close to the MASE cluster and (iii) one sediment sample of the Dallol 

site exhibits a similar microbial community. These samples consequently show a similar 

microbial composition. A deeper analysis on non-MASE sites will shed insights into the 

taxonomy and possibly reveal further model organisms.  

As described in Perras et al., 2016, a close up view exclusively on MASE samples displays site-

specific dissimilarities within the microbial composition, which disappears upon using the 

large-scale view shown above. Noteworthy, the Antarctica setting, the Dallol setting and the 
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Brasilia setting were not sampled along the strict, oxygen-avoiding MASE guidelines (Cockell 

et al., 2016b). This might explain the microbial composition dissimilarities.  

A closer analysis on these samples will reveal further insights into Martian life-like 

candidates and is in the scope of future experiments.  

In summary microbes living in such extreme Mars-analogue environments are attractive 

candidates for the existence of life on other planets. The prospect of finding extraterrestrial 

life is thrilling and supports our understanding on the origin and evolution on Earth as well. 

Certainly, the situation on Mars is more complicated than in the most extreme settings on 

Earth. Nevertheless, the described study represents an important puzzle piece, and 

contributes to complete the full picture of the origin and evolution of the biological 

existence.  

Conclusion 

In the course of this thesis, the microbial diversity of various extreme environments was 

investigated. Each environment was observed to harbour a distinct community of “survival 

specialists” adapted to the prevalent conditions. Extensive cultivation effort delivered novel, 

extremo-tolerant model organisms for astrobiology, which allows further investigation on 

their genetic and metabolic capacities.  

The International Space Station as well as Mars-like settings proved the omnipresence of a 

hardy bacterial and archaeal community. Depending on the setting, we face distinct 

communities and specified adaptations. The work of this thesis strongly emphasises the 

combination of state-of-the-art cultivation independent methods with cultivation techniques 

in order to get a comprehensive microbial picture. Both methods have drawbacks; however, 

in combination they deliver the best possible result.  

Molecular analysis enabled us to speculate a possible transition of microorganisms from 

Early Mars-like settings to Present Mars-like settings. We might even face similar 

extant/extinct microorganisms on Present Mars. The development of detection systems of 

these microorganisms is in the future scope of the MASE project. Although we were able to 

gain extensive knowledge into anoxic Mars-like settings, it has to be emphasised that the 

investigation on further anoxic environments is indispensable. The presence of our MASE 
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core genera has to be confirmed and further validated. In addition, only their cultivation will 

give insights into their behaviour when exposed to Mars-like stress. 

The findings on Ca. A. hamiconexum, thriving in a Mars-analogue site confirms that this 

archaeon is exceptional and outstanding with respect to its ultrastructure. The hami of this 

microbe provide an excellent and promising source for nanobiotechnology with various 

applications. The outcome of this thesis delivers valuable knowledge on extreme terrestrial 

settings with implication on astrobiology and nanobiotechnology.  
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V. Zusammenfassung 
Extreme Biotope sind durch eine Vielzahl von physischen und chemischen Stressvariablen gekennzeichnet und 
bieten eine hervorragende Möglichkeit die Grenzen des Lebens zu verstehen – auch außerhalb der Erde z.B. auf 
der International Raumstation (ISS) oder auf dem Mars. Einige terrestrische, extreme Lebensräume ähneln 
stark ausgewählten Bedingungen auf dem Mars und lassen daher Rückschlüsse auf dessen potenzieller 
Bewohnbarkeit zu. Ein wesentlicher Faktor ist der Mangel an Sauerstoff auf dem Mars. Allerdings erweisen sich 
die Probennahme und mikrobielle Kultivierung aus sauerstoffarmen Umgebungen als sehr herausfordernd und 
werden nicht sehr oft praktiziert. Es benötigt besonders die Betrachtung solcher sauerstoffarmen Umgebungen 
und deren assoziierten Mikroorganismen, um einschätzen zu können, ob extraterrestrisches ausgestorbenes 
und/oder noch bestehendes Leben auf dem Mars existieren könnte. Bemannte Langzeitzeitmissionen zum 
Mars bedürfen zudem sowohl Wissen über die mikrobielle Diversität in Raumfahrtzeugen als auch über deren 
Anpassungsfähigkeit und Stress-Toleranzen. Nur dadurch kann ein sicheres Arbeitsklima sichergestellt werden. 
Die vorliegende Arbeit umfasst eine tiefreichende Untersuchung extremer Biotope mit Hilfe von 
Kultivierungsmethoden und molekularen Methoden und eine detaillierte Analyse einiger ausgewählter 
mikrobiellen Bewohner.  

Eines dieser extremen Biotope umfasst das kontrollierte Innenleben ISS. Frühere Studien detektierten bereits 
eine hohe Abundanz an Mensch-assoziierte Bakterien, allerdings blieb der Nachweis von Archaeen erfolglos. 
Archaeen sind allgegenwärtig auf der Erde und werden zahlreich in Reinräumen detektiert, in welchen die 
Raumschiff Hardware assembliert wird. Im Rahmen dieser Arbeit wurden 8-12 Jahre alte Staubproben auf 
deren mikrobielle Diversität untersucht. Molekulare Analysen bestätigten ein mit dem Mensch assoziiertes 
Bakteriom. Zudem konnten zum ersten Mal auch archaelle Signaturen nachgewiesen werden. Kultivierte, 
bakterielle Einzelisolate ermöglichten es, Stress-resistente Experimente durchzuführen. Neben der 
Austrocknungsresistenz, zeigte eine Vielzahl von Isolaten eine hohe Resistenz gegen zahlreiche Antibiotika. 
Diese Ergebnisse erweitern unser Wissen über die archaelle und bakterielle Diversität und deren Adaptionen 
im Weltraum.  

Terrestrische, Mars-ähnliche Systeme ermöglichen es, Modellorganismen zu finden, welche potenziell auf dem 
Mars gelebt haben und/oder immer noch dort leben könnten. Zahlreiche Studien beschäftigten sich mit deren 
Untersuchung, allerdings fehlte bisher ein profundes Wissen über sauerstoffarme Systeme. Im Rahmen des 
MASE Projektes (Mars Analogues for Space Exploration) wurden gezielt sauerstoffarme Biotope auf deren 
mikrobielle Diversität untersucht. Einige dieser Biotope zeigen eine hohe Ähnlichkeit zu Marsbedingungen in 
der Vergangenheit (vor ca. ~4 Milliarden Jahren), während ein Biotop den Bedingungen auf dem heutigem 
Mars reflektiert. Auch hier konnten mit Hilfe eines umfassenden Kultivierungsansatzes zahlreiche Anaerobier 
erhalten werden, die als astrobiologische Modelle dienen. Molekulare Methoden prognostizierten eine 
außerordentliche Adaptionsfähigkeit und hohe Diversität in den untersuchten Lebensräumen. Alle 
untersuchten, dem frühem Mars entsprechenden Lebensräume, so unterschiedlich sie auch sind, zeigten einen 
gemeinsamen taxonomischen Kern, welcher sich teilweise in dem heutigem Mars-ähnlichem Setting wieder 
spiegelte. Ähnliche Lebensformen könnten die extremen klimatischen Änderungen im Laufe der Jahrmillionen 
Jahre überdauert haben und sowohl als Fossilien wie auch als lebende Organismen zu finden sein.  

Ein unterirdisches Biotop, welches sich unter den MASE-Biotopen befand, beherbergt ein schon länger 
bekanntes, außergewöhnliches Archaeum, das SM1 Euryarchaeon (jetzt: „Candidatus Altiarchaeum 
hamiconexum“). Biofilme dieses Archaeums werden an die Oberfläche der Nährstoffarmen Quellen gespült 
und ihr Lebensstil und ihre Ultrastruktur wurden ausgiebig untersucht. Candidatus Altiarchaeum hamiconexum 
weist eine Doppelmembran auf - ein sehr untypischer Zellmembranaufbau in der Domäne der Archaeen. 
Zudem besitzt es hoch-organisierte, einzigartige Zellanhängsel („hami“), welche höchstwahrscheinlich ähnlich 
zu bakteriellen Typ 4 Pili assembliert und verankert werden. Der N-terminale Teil der Proteinsequenz zeigte 
überraschenderweise hohe Ähnlichkeit zu S-layer Proteinen (geordnete Proteinstrukturen, die sich zu einer 
Außenhülle an die Membran anlagern), wodurch eine divergente Evolution der beiden Strukturproteine 
spekuliert wird. Die gesamte Hami-kodierende Gensequenz wurde entschlüsselt und diente als Vorlage in 
heterologen Expressionsversuchen. Die außergewöhnliche Struktur erweist sich als vielversprechend in der 
Bionanotechnologie und die Resultate dieser Arbeit setzen die wesentlichen Fundamente für weitere 
Experimente.  
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Diese Arbeit bietet verblüffende Einblicke in die Welt außergewöhnlicher Mikroorganismen. Die vorgestellten 
Ergebnisse führen zu einem besseren Verständnis der Diversität und Biologie von Mikroorganismen aus 
extremen Lebensräumen. 



VI. Bibliography 

- 146 - 
 

VI. Bibliography 
 

Abdeljabbar, H., Cayol, J.-L., Hania, W.B., Boudabous, A., Sadfi, N., and Fardeau, M.L. (2013). Halanaerobium sehlinense sp. 
nov., an extremely halophilic, fermentative, strictly anaerobic bacterium from sediments of the hypersaline lake 
Sehline Sebkha. International Journal of Systematic and Evolutionary Microbiology 63, 2069-2074. 

Adams, R.I., Bhangar, S., Pasut, W., Arens, E.A., Taylor, J.W., Lindow, S.E., Nazaroff, W.W., and Bruns, T.D. (2015). Chamber 
bioaerosol study: outdoor air and human occupants as sources of indoor airborne microbes. PLoS One 10, 
e0128022. 

Ahn, J.H., Kim, B.-Y., Song, J., and Weon, H.-Y. (2012). Effects of PCR cycle number and DNA polymerase type on the 16S 
rRNA gene pyrosequencing analysis of bacterial communities. Journal of Microbiology 50, 1071-1074. 

Ajon, M., Frols, S., Van Wolferen, M., Stoecker, K., Teichmann, D., Driessen, A.J., Grogan, D.W., Albers, S.V., and Schleper, C. 
(2011). UV-inducible DNA exchange in hyperthermophilic archaea mediated by type IV pili. Molecular 
microbiology 82, 807-817. 

Albers, S.V., and Pohlschröder, M. (2009). Diversity of archaeal type IV pilin-like structures. Extremophiles 13, 403-410. 

Albers, S.V., Szabó, Z., and Driessen, A.J. (2006). Protein secretion in the Archaea: multiple paths towards a unique cell 
surface. Nature Reviews Microbiology 4, 537-547. 

Albers, S.V., and Meyer, B.H. (2011). The archaeal cell envelope. Nature Reviews Microbiology 9, 414-426. 

Alekhova, T., Aleksandrova, A., Novozhilova, T.Y., Lysak, L., Zagustina, N., and Bezborodov, A. (2005). Monitoring of 
microbial degraders in manned space stations. Applied Biochemistry and Microbiology 41, 382-389. 

Alekhova, T., Zakharchuk, L., Tatarinova, N.Y., Kadnikov, V., Mardanov, A., Ravin, N., and Skryabin, K. (2015). Diversity of 
bacteria of the genus Bacillus on board of international space station. Doklady Biochemistry and Biophysics, 
465:347–50 

Allwood, A.C., Walter, M.R., Burch, I.W., and Kamber, B.S. (2007). 3.43 billion-year-old stromatolite reef from the Pilbara 
Craton of Western Australia: ecosystem-scale insights to early life on Earth. Precambrian Research 158, 198-227. 

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., and Lipman, D.J. (1990). Basic local alignment search tool. Journal of 
Molecular Biology 215, 403-410. 

Amann, R.I., Ludwig, W., and Schleifer, K.H. (1995). Phylogenetic identification and in situ detection of individual microbial 
cells without cultivation. Microbiological Reviews 59, 143-169. 

Amaral-Zettler, L.A., Zettler, E.R., Theroux, S.M., Palacios, C., Aguilera, A., and Amils, R. (2011). Microbial community 
structure across the tree of life in the extreme Rio Tinto. International Journal of Systematic and Evolutionary 
Microbiology 5, 42-50. 

Amils, R., González-Toril, E., Aguilera, A., Rodrıguez, N., Fernández-Remolar, D., Gómez, F., Garcıa-Moyano, A., Malki, M., 
Oggerin, M., and Sánchez-Andrea, I. (2011). From rıo tinto to Mars: the terrestrial and extraterrestrial ecology of 
acidophiles. Advances in Applied Microbiology 77, 41-70. 

Amils, R., González-Toril, E., Fernández-Remolar, D., Gómez, F., Aguilera, Á., Rodríguez, N., Malki, M., García-Moyano, A., 
Fairén, A.G., and De La Fuente, V. (2007). Extreme environments as Mars terrestrial analogs: the Rio Tinto case. 
Planetary and Space Science 55, 370-381. 

Antón, J., Llobet‐Brossa, E., Rodríguez‐Valera, F., and Amann, R. (1999). Fluorescence in situ hybridization analysis of the 
prokaryotic community inhabiting crystallizer ponds. Environmental Microbiology 1, 517-523. 

Aranki, A., and Freter, R. (1972). Use of anaerobic glove boxes for the cultivation of strictly anaerobic bacteria. The 
American Journal of Clinical Nutrition 25, 1329-1334. 

Arbing, M.A., Chan, S., Shin, A., Phan, T., Ahn, C.J., Rohlin, L., and Gunsalus, R.P. (2012). Structure of the surface layer of the 
methanogenic archaean Methanosarcina acetivorans. Proceedings of the National Academy of Sciences 109, 
11812-11817. 

Arts, J., Van Boxtel, R., Filloux, A., Tommassen, J., and Koster, M. (2007). Export of the pseudopilin XcpT of the 
Pseudomonas aeruginosa type II secretion system via the signal recognition particle-Sec pathway. Journal of 
Bacteriology 189, 2069-2076. 

Aßhauer, K.P., Wemheuer, B., Daniel, R., and Meinicke, P. (2015). Tax4Fun: predicting functional profiles from metagenomic 
16S rRNA data. Bioinformatics 31, 2882-2884. 



VI. Bibliography 

- 147 - 
 

Atreya, S.K., Mahaffy, P.R., and Wong, A.S. (2007). Methane and related trace species on Mars: Origin, loss, implications for 
life, and habitability. Planetary and Space Science 55, 358-369. 

Ayers, M., Howell, P.L., and Burrows, L.L. (2010). Architecture of the type II secretion and type IV pilus machineries. Future 
Microbiololgy 5, 1203-1218. 

Ayoub, N.A., Garb, J.E., Tinghitella, R.M., Collin, M.A., and Hayashi, C.Y. (2007). Blueprint for a high-performance 
biomaterial: full-length spider dragline silk genes. PLoS One 2, e514. 

Baker-Austin, C., Potrykus, J., Wexler, M., Bond, P.L., and Dopson, M. (2010). Biofilm development in the extremely 
acidophilic archaeon ‘Ferroplasma acidarmanus’ Fer1. Extremophiles 14, 485-491. 

Baker, B.J., Comolli, L.R., Dick, G.J., Hauser, L.J., Hyatt, D., Dill, B.D., Land, M.L., Verberkmoes, N.C., Hettich, R.L., and 
Banfield, J.F. (2010). Enigmatic, ultrasmall, uncultivated Archaea. Proceedings of the National Academy of Sciences 
107, 8806-8811. 

Baker, B.J., Tyson, G.W., Webb, R.I., Flanagan, J., Hugenholtz, P., Allen, E.E., and Banfield, J.F. (2006). Lineages of acidophilic 
archaea revealed by community genomic analysis. Science 314, 1933-1935. 

Balch, W., Fox, G., Magrum, L., Woese, C., and Wolfe, R. (1979). Methanogens: reevaluation of a unique biological group. 
Microbiological reviews 43, 260. 

Baldridge, A., Hook, S., Crowley, J., Marion, G., Kargel, J., Michalski, J., Thomson, B., De Souza Filho, C., Bridges, N., and 
Brown, A. (2009). Contemporaneous deposition of phyllosilicates and sulfates: Using Australian acidic saline lake 
deposits to describe geochemical variability on Mars. Geophysical Research Letters 36. 

Banfield, J.F., Moreau, J.W., Chan, C.S., Welch, S.A., and Little, B. (2001). Mineralogical biosignatures and the search for life 
on Mars. Astrobiology 1, 447-465. 

Bang, C., Ehlers, C., Orell, A., Prasse, D., Spinner, M., Gorb, S.N., Albers, S.-V., and Schmitz, R.A. (2014). Biofilm formation of 
mucosa-associated methanoarchaeal strains. Frontiers in Microbiology 5, 353. 

Baqué, M., Scalzi, G., Rabbow, E., Rettberg, P., and Billi, D. (2013). Biofilm and planktonic lifestyles differently support the 
resistance of the desert cyanobacterium Chroococcidiopsis under space and Martian simulations. Origins of Life 
and Evolution of Biospheres 43, 377-389. 

Bardy, S.L., Eichler, J., and Jarrell, K.F. (2003). Archaeal signal peptides—A comparative survey at the genome level. Protein 
Science 12, 1833-1843. 

Barth, V.C., Cattani, F., Ferreira, C.A., and De Oliveira, S.D. (2012). Sodium chloride affects propidium monoazide action to 
distinguish viable cells. Analytical Biochemistry 428, 108-110. 

Bashir, M., Ahmed, M., Weinmaier, T., Ciobanu, D., Ivanova, N., Pieber, T.R., and Vaishampayan, P.A. (2016). Functional 
Metagenomics of Spacecraft Assembly Cleanrooms: Presence of Virulence Factors Associated with Human 
Pathogens. Frontiers in Microbiology 7. 

Battin, T.J., Wille, A., Sattler, B., and Psenner, R. (2001). Phylogenetic and functional heterogeneity of sediment biofilms 
along environmental gradients in a glacial stream. Applied and Environmental Microbiology 67, 799-807. 

Baumeister, W., and Lembcke, G. (1992). Structural features of archaebacterial cell envelopes. Journal of Bioenergetics and 
Biomembranes 24, 567-575. 

Beblo-Vranesevic, K., Bohmeier, M., Perras, A.K., Schwender, P., Rabbow, E., Moissl-Eichinger, C., Cockell, C.S., Vannier, P., 
Morteinsson, V., Monaghan, E., Ehrenfreund, P., Laura, G.-D., Gomez, F., Amils, R., Gaboyer, F., Westall, F., 
Cabezas, P., Walter, N., and Rettberg, P. (2016). Yersinia sp. MASE-LG-1, an anaerobic microbe from a Mars 
analogue environment survives diverse individual and combined simulated Martian stresses. under review in 
Frontiers in Microbiology 

Beg, Q., Kapoor, M., Mahajan, L., and Hoondal, G. (2001). Microbial xylanases and their industrial applications: a review. 
Applied Microbiology and Biotechnology 56, 326-338. 

Bellack, A., Huber, H., Rachel, R., Wanner, G., and Wirth, R. (2011). Methanocaldococcus villosus sp. nov., a heavily 
flagellated archaeon that adheres to surfaces and forms cell-cell contacts. International Journal of Systematic and 
Evolutionary Microbiology 61, 1239-1245. 

Bergmann, G.T., Bates, S.T., Eilers, K.G., Lauber, C.L., Caporaso, J.G., Walters, W.A., Knight, R., and Fierer, N. (2011). The 
under-recognized dominance of Verrucomicrobia in soil bacterial communities. Soil Biology and Biochemistry 43, 
1450-1455. 

Bibring, J.-P., Langevin, Y., Mustard, J.F., Poulet, F., Arvidson, R., Gendrin, A., Gondet, B., Mangold, N., Pinet, P., and Forget, 
F. (2006). Global mineralogical and aqueous Mars history derived from OMEGA/Mars Express data. Science 312, 
400-404. 



VI. Bibliography 

- 148 - 
 

Bidlan, R., and Manonmani, H. (2002). Aerobic degradation of dichlorodiphenyltrichloroethane (DDT) by Serratia 
marcescens DT-1P. Process Biochemistry 38, 49-56. 

Bird, J.T., Baker, B.J., Probst, A.J., Podar, M., and Lloyd, K.G. (2016). Culture independent genomic comparisons reveal 
environmental adaptations for Altiarchaeales. Frontiers in Microbiology 7. 

Blank, J.G., Green, S., Blake, D., Valley, J., Kita, N., Treiman, A., and Dobson, P. (2009). An alkaline spring system within the 
Del Puerto Ophiolite (California, USA): a Mars analog site. Planetary and Space Science 57, 533-540. 

Boetius, A., Anesio, A.M., Deming, J.W., Mikucki, J.A., and Rapp, J.Z. (2015). Microbial ecology of the cryosphere: sea ice and 
glacial habitats. Nature Reviews Microbiology. 

Boghenbor, K.K., On, S.L., Kokotovic, B., Baumgartner, A., Wassenaar, T.M., Wittwer, M., Bissig-Choisat, B., and Frey, J. 
(2006). Genotyping of human and porcine Yersinia enterocolitica, Yersinia intermedia, and Yersinia bercovieri 
strains from Switzerland by amplified fragment length polymorphism analysis. Applied and Environmental 
Microbiology 72, 4061-4066. 

Bonetta, S., Bonetta, S., Mosso, S., Sampò, S., and Carraro, E. (2010). Assessment of microbiological indoor air quality in an 
Italian office building equipped with an HVAC system. Environmental Monitoring and Assessment 161, 473-483. 

Boot, H.J., and Pouwels, P.H. (1996). Expression, secretion and antigenic variation of bacterial S-layer proteins. Molecular 
Microbiology 21, 1117-1123. 

Borrel, G., O'toole, P.W., Harris, H.M., Peyret, P., Brugere, J.F., and Gribaldo, S. (2013). Phylogenomic data support a 
seventh order of Methylotrophic methanogens and provide insights into the evolution of Methanogenesis. 
Genome Biology and Evolution 5, 1769-1780. 

Borrel, G., Parisot, N., Harris, H.M., Peyretaillade, E., Gaci, N., Tottey, W., Bardot, O., Raymann, K., Gribaldo, S., and Peyret, 
P. (2014). Comparative genomics highlights the unique biology of Methanomassiliicoccales, a Thermoplasmatales-
related seventh order of methanogenic archaea that encodes pyrrolysine. BMC Genomics 15, 679. 

Boston, P.J., Ivanov, M.V., and Mckay, C.P. (1992). On the possibility of chemosynthetic ecosystems in subsurface habitats 
on Mars. Icarus 95, 300-308. 

Boynton, W.V., Feldman, W., Squyres, S., Prettyman, T., Brückner, J., Evans, L., Reedy, R., Starr, R., Arnold, J., and Drake, D. 
(2002). Distribution of hydrogen in the near surface of Mars: Evidence for subsurface ice deposits. Science 297, 
81-85. 

Brack, A. (2002). Water, the spring of life. Astrobiology. Springer, 79-88. 

Bridier, A., Briandet, R., Thomas, V., and Dubois-Brissonnet, F. (2011). Resistance of bacterial biofilms to disinfectants: a 
review. Biofouling 27, 1017-1032. 

Briggs, B.R., Pohlman, J.W., Torres, M., Riedel, M., Brodie, E.L., and Colwell, F.S. (2011). Macroscopic biofilms in fracture-
dominated sediment that anaerobically oxidize methane.  Applied and Environmental Microbiology 77, 6780-
6787. 

Bristow, T.F., and Milliken, R.E. (2011). Terrestrial perspective on authigenic clay mineral production in ancient martian 
lakes. Clays and Clay Minerals 59, 339-358. 

Brochier-Armanet, C., Boussau, B., Gribaldo, S., and Forterre, P. (2008). Mesophilic Crenarchaeota: proposal for a third 
archaeal phylum, the Thaumarchaeota. Nature Reviews Microbiology 6, 245-252. 

Brock, T.D. (1978). Thermophilic microorganisms and life at high temperatures. Springer, Berlin Heidelberg, New York. 

Brooks, J.P., Edwards, D.J., Harwich, M.D., Rivera, M.C., Fettweis, J.M., Serrano, M.G., Reris, R.A., Sheth, N.U., Huang, B., 
and Girerd, P. (2015). The truth about metagenomics: quantifying and counteracting bias in 16S rRNA studies. 
BMC Microbiology 15, 1. 

Brown, C.T., Hug, L.A., Thomas, B.C., Sharon, I., Castelle, C.J., Singh, A., Wilkins, M.J., Wrighton, K.C., Williams, K.H., and 
Banfield, J.F. (2015). Unusual biology across a group comprising more than 15% of domain Bacteria. Nature 523, 
208-211. 

Bruce, R.J., Ott, C.M., Skuratov, V.M., and Pierson, D.L. (2005). Microbial surveillance of potable water sources of the 
International Space Station. SAE Technical Paper. 

Brugère, J.-F., Borrel, G., Gaci, N., Tottey, W., O’toole, P.W., and Malpuech-Brugère, C. (2014). Archaebiotics: proposed 
therapeutic use of archaea to prevent trimethylaminuria and cardiovascular disease. Gut Microbes 5, 5-10. 

Bryanskaya, A., Berezhnoy, A., Rozanov, A., Peltek, S., and Pavlov, A. (2013). Adaptive capabilities of microorganisms of salt 
lakes of the Altai Region under conditions of early Mars. Paleontological Journal 47, 1089-1092. 



VI. Bibliography 

- 149 - 
 

Burmølle, M., Webb, J.S., Rao, D., Hansen, L.H., Sørensen, S.J., and Kjelleberg, S. (2006). Enhanced biofilm formation and 
increased resistance to antimicrobial agents and bacterial invasion are caused by synergistic interactions in 
multispecies biofilms. Applied and Environmental Microbiology 72, 3916-3923. 

Buzolyova, L., and Somov, G. (1999). Autotrophic assimilation of CO2 and C1-compounds by pathogenic bacteria. 
Biochemistry-New York-English Translation of Biokhimiya 64, 1146-1149. 

Cabrol, N., and Grin, E. (1995). A morphological view on potential niches for exobiology on Mars. Planetary and Space 
Science 43, 179-188. 

Callahan, B.J., Mcmurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., and Holmes, S.P. (2016a). DADA2: High-resolution 
sample inference from Illumina amplicon data. Nature Methods. 

Callahan, B.J., Sankaran, K., Fukuyama, J.A., Mcmurdie, P.J., and Holmes, S.P. (2016b). Bioconductor workflow for 
microbiome data analysis: from raw reads to community analyses. F1000 Research 5. 

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., Fierer, N., Pena, A.G., Goodrich, J.K., 
and Gordon, J.I. (2010). QIIME allows analysis of high-throughput community sequencing data. Nature Methods 7, 
335-336. 

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Huntley, J., Fierer, N., Owens, S.M., Betley, J., Fraser, L., and 
Bauer, M. (2012). Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq 
platforms. International Journal of Systematic and Evolutionary Microbiology 6, 1621-1624. 

Carr, M.H., and Head, J.W. (2010). Geologic history of Mars. Earth and Planetary Science Letters 294, 185-203. 

Castelle, C.J., Wrighton, K.C., Thomas, B.C., Hug, L.A., Brown, C.T., Wilkins, M.J., Frischkorn, K.R., Tringe, S.G., Singh, A., and 
Markillie, L.M. (2015). Genomic expansion of domain archaea highlights roles for organisms from new phyla in 
anaerobic carbon cycling. Current Biology 25, 690-701. 

Castro-Wallace, S.L., Chiu, C.Y., John, K.K., Stahl, S.E., Rubins, K.H., Mcintyre, A.B., Dworkin, J.P., Lupisella, M.L., Smith, D.J., 
and Botkin, D.J. (2016). Nanopore DNA Sequencing and Genome Assembly on the International Space Station. 
bioRxiv, 077651. 

Castro, V.A., Thrasher, A.N., Healy, M., Ott, C.M., and Pierson, D.L. (2004). Microbial characterization during the early 
habitation of the International Space Station. Microbial Ecology 47, 119-126. 

Cavicchioli, R., Curmi, P.M., Saunders, N., and Thomas, T. (2003). Pathogenic archaea: do they exist? Bioessays 25, 1119-
1128. 

Cavicchioli, R., Demaere, M.Z., and Thomas, T. (2007). Metagenomic studies reveal the critical and wide-ranging ecological 
importance of uncultivated Archaea: the role of ammonia oxidizers. Bioessays 29, 11-14. 

Checinska, A., Probst, A.J., Vaishampayan, P., White, J.R., Kumar, D., Stepanov, V.G., Fox, G.E., Nilsson, H.R., Pierson, D.L., 
and Perry, J. (2015). Microbiomes of the dust particles collected from the International Space Station and 
Spacecraft Assembly Facilities. Microbiome 3, 1. 

Chevrier, V., and Melchiorri, R. (2016). Global Distribution of Aqueous Brines on Mars: Implications for RSLs and Special 
Regions. Lunar and Planetary Science Conference, 2843. 

Chevrier, V.F., and Rivera‐Valentin, E.G. (2012). Formation of recurring slope lineae by liquid brines on present‐day Mars. 
Geophysical Research Letters 39. 

Chin, K.-J., Liesack, W., and Janssen, P.H. (2001a). Opitutus terrae gen. nov., sp. nov., to accommodate novel strains of the 
division'Verrucomicrobia'isolated from rice paddy soil. InternationalJjournal of Systematic and Evolutionary 
Microbiology 51, 1965-1968. 

Chistoserdova, L., Vorholt, J.A., Thauer, R.K., and Lidstrom, M.E. (1998). C1 transfer enzymes and coenzymes linking 
methylotrophic bacteria and methanogenic Archaea. Science 281, 99-102. 

Chung, H., Kim, T.Y., and Lee, S.Y. (2012). Recent advances in production of recombinant spider silk proteins. Current 
Opinion in Biotechnology 23, 957-964. 

Ciferri, O., Tiboni, O., Pasquale, G., Orlandoni, A., and Marchesi, M. (1986). Effects of microgravity on genetic recombination 
in Escherichia coli. Naturwissenschaften 73, 418-421. 

Clery, D. (2016). Mars lander crash adds to 2020 rover worries. American Association for the Advancement of Science. 

Cockell, C., Bush, T., Bryce, C., Direito, S., Fox-Powell, M., Harrison, J., Lammer, H., Landenmark, H., Martin-Torres, J., and 
Nicholson, N. (2016a). Habitability: A Review. Astrobiology 16, 89-117. 

 



VI. Bibliography 

- 150 - 
 

Cockell, C.S., Schwender, P., Perras, A.K., Rettberg, P., Beblo-Vranesevic, K., Bohmeier, M., Rabbow, E., Moissl-Eichinger, C., 
Wink, L., Morteinsson, V., Vannier, P., Gomez, F., Garcia-Descalzo, L., Ehrenfreund, P., Monaghan, E., Westall, F., 
Gaboyer, F., Amils, R., Malki, M., Pukall, R., Cabezas, P., and Walter, N. (2016b). Anaerobic Microorganisms in 
Astrobiological Analog Environments: From Field Site to Culture Collection. under review in Astrobiology 

Cohen-Krausz, S., and Trachtenberg, S. (2002). The structure of the archeabacterial flagellar filament of the extreme 
halophile Halobacterium salinarum R1M1 and its relation to eubacterial flagellar filaments and type IV pili. Journal 
of Molecular Biology 321, 383-395. 

Coil, D.A., Neches, R.Y., Lang, J.M., Brown, W.E., Severance, M., Cavalier, D., and Eisen, J.A. (2016). Growth of 48 built 
environment bacterial isolates on board the International Space Station (ISS). PeerJ 4, e1842. 

Comolli, L.R., Baker, B.J., Downing, K.H., Siegerist, C.E., and Banfield, J.F. (2009). Three-dimensional analysis of the structure 
and ecology of a novel, ultra-small archaeon. International Journal of Systematic and Evolutionary Microbiology 3, 
159-167. 

Comolli, L.R., and Banfield, J.F. (2014). Inter-species interconnections in acid mine drainage microbial communities. 
Frontiers in Microbiology 5. 

Consortium, I.H.G.S. (2004). Finishing the euchromatic sequence of the human genome. Nature 431, 931-945. 

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., and Lappin-Scott, H.M. (1995). Microbial biofilms. Annual 
Reviews of Microbiology 49, 711-745. 

Costerton, J.W., Lewandowski, Z., Debeer, D., Caldwell, D., Korber, D., and James, G. (1994). Biofilms, the customized 
microniche. Journal of Bacteriology 176, 2137-2142. 

Couradeau, E., Benzerara, K., Moreira, D., Gerard, E., Kazmierczak, J., Tavera, R., and Lopez-Garcia, P. (2011). Prokaryotic 
and eukaryotic community structure in field and cultured microbialites from the alkaline Lake Alchichica (Mexico). 
PLoS One 6, e28767. 

Craig, L., Pique, M.E., and Tainer, J.A. (2004). Type IV pilus structure and bacterial pathogenicity. Nature Reviews 
Microbiology 2, 363-378. 

Cui, D., Li, G., Zhao, D., Gu, X., Wang, C., and Zhao, M. (2012). Microbial community structures in mixed bacterial consortia 
for azo dye treatment under aerobic and anaerobic conditions. Journal of Hazardous Materials 221, 185-192. 

Cytryn, E.J., Sangurdekar, D.P., Streeter, J.G., Franck, W.L., Chang, W.-S., Stacey, G., Emerich, D.W., Joshi, T., Xu, D., and 
Sadowsky, M.J. (2007). Transcriptional and physiological responses of Bradyrhizobium japonicum to desiccation-
induced stress. Journal of Bacteriology 189, 6751-6762. 

Dale, C., and Maudlin, I. (1999). Sodalis gen. nov. and Sodalis glossinidius sp. nov., a microaerophilic secondary 
endosymbiont of the tsetse fly Glossina morsitans morsitans. International Journal of Systematic and Evolutionary 
Microbiology 49, 267-275. 

Davidson, A.L., Shuman, H.A., and Nikaido, H. (1992). Mechanism of maltose transport in Escherichia coli: transmembrane 
signaling by periplasmic binding proteins. Proceedings of the National Academy of Sciences 89, 2360-2364. 

Davila, A.F., Duport, L.G., Melchiorri, R., Jänchen, J., Valea, S., De Los Rios, A., Fairén, A.G., Möhlmann, D., Mckay, C.P., and 
Ascaso, C. (2010). Hygroscopic salts and the potential for life on Mars. Astrobiology 10, 617-628. 

Davila, A.F., and Schulze-Makuch, D. (2016). The Last Possible Outposts for Life on Mars. Astrobiology 16, 159-168. 

De Souza, L.M., Müller-Santos, M., Iacomini, M., Gorin, P.a.J., and Sassaki, G.L. (2009). Positive and negative tandem mass 
spectrometric fingerprints of lipids from the halophilic Archaea Haloarcula marismortui. Journal of Lipid Research 
50, 1363-1373. 

Dedysh, S.N., Pankratov, T.A., Belova, S.E., Kulichevskaya, I.S., and Liesack, W. (2006). Phylogenetic analysis and in situ 
identification of bacteria community composition in an acidic Sphagnum peat bog. Applied and Environmental 
Microbiology 72, 2110-2117. 

Dermoun, Z., and Belaich, J. (1988). Crystalline index change in cellulose during aerobic and anaerobic Cellulomonas uda 
growth. Applied Microbiology and Biotechnology 27, 399-404. 

Desantis, T.Z., Brodie, E.L., Moberg, J.P., Zubieta, I.X., Piceno, Y.M., and Andersen, G.L. (2007). High-density universal 16S 
rRNA microarray analysis reveals broader diversity than typical clone library when sampling the environment. 
Microbial Ecology 53, 371-383. 

Dewi Puspita, I., Kamagata, Y., Tanaka, M., Asano, K., and Nakatsu, C.H. (2012). Are uncultivated bacteria really 
uncultivable? Microbes and Environments 27, 356-366. 

Di Meglio, L., Busalmen, J.P., Pastore, J.I., Ballarín, V.L., and Nercessian, D. (2014). Hyperhalophilic archaeal biofilms: growth 
kinetics, structure, and antagonistic interaction in continuous culture. Biofouling 30, 237-245. 



VI. Bibliography 

- 151 - 
 

Dickinson, W.W., and Rosen, M.R. (2003). Antarctic permafrost: An analogue for water and diagenetic minerals on Mars. 
Geology 31, 199-202. 

Doĝanay, M., and Aydin, N. (1991). Antimicrobial susceptibility of Bacillus anthracis. Scandinavian Journal of Infectious 
Diseases 23, 333-335. 

Dojka, M.A., Hugenholtz, P., Haack, S.K., and Pace, N.R. (1998). Microbial diversity in a hydrocarbon-and chlorinated-
solvent-contaminated aquifer undergoing intrinsic bioremediation. Applied and Environmental Microbiology 64, 
3869-3877. 

Donachie, S.P., Foster, J.S., and Brown, M.V. (2007). Culture clash: challenging the dogma of microbial diversity. 
International Journal of Systematic and Evolutionary Microbiology 1, 97. 

Donlan, R.M. (2001). Biofilm formation: a clinically relevant microbiological process.  Clinical Infectious Diseases 33, 1387-
1392. 

Dose, K., and Klein, A. (1996). Response of Bacillus subtilis spores to dehydration and UV irradiation at extremely low 
temperatures. Origins of Life and Evolution of the Biosphere 26, 47-59. 

Dridi, B., Fardeau, M.-L., Ollivier, B., Raoult, D., and Drancourt, M. (2012). Methanomassiliicoccus luminyensis gen. nov., sp. 
nov., a methanogenic archaeon isolated from human faeces. International Journal of Systematic and Evolutionary 
Microbiology 62, 1902-1907. 

Dubourg, G., Lagier, J., Armougom, F., Robert, C., Hamad, I., Brouqui, P., and Raoult, D. (2013). The gut microbiota of a 
patient with resistant tuberculosis is more comprehensively studied by culturomics than by metagenomics. 
European Journal of Clinical Microbiology & Infectious Diseases 32, 637-645. 

Duprat, J., Dobrică, E., Engrand, C., Aleon, J., Marrocchi, Y., Mostefaoui, S., Meibom, A., Leroux, H., Rouzaud, J.-N., and 
Gounelle, M. (2010). Extreme deuterium excesses in ultracarbonaceous micrometeorites from central Antarctic 
snow. Science 328, 742-745. 

Dutta, K., and Kundu, P.P. (2014). A Review on Aromatic Conducting Polymers-Based Catalyst Supporting Matrices for 
Application in Microbial Fuel Cells. Polymer Reviews 54, 401-435. 

Dykhuizen, D.E. (1998). Santa Rosalia revisited: why are there so many species of bacteria? Antonie van Leeuwenhoek 73, 
25-33. 

Eucast. PK/PD (Non-species related) breakpoints [Internet]. [cited 2016 Jul 1]. Available from: 
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_ files/Breakpoint_tables/v_6.0_Breakpoint_table.pdf 

ECSS (2008). Microbial examination of flight hardware and cleanrooms ECSS-Q-ST- 70-55C.  

Edwards, K.J., Bond, P.L., Gihring, T.M., and Banfield, J.F. (2000). An archaeal iron-oxidizing extreme acidophile important in 
acid mine drainage. Science 287, 1796-1799. 

Eichler, J. (2003). Facing extremes: archaeal surface-layer (glyco) proteins. Microbiology 149, 3347-3351. 

Ellis, R.J., Morgan, P., Weightman, A.J., and Fry, J.C. (2003). Cultivation-dependent and-independent approaches for 
determining bacterial diversity in heavy-metal-contaminated soil. Applied and Environmental Microbiology 69, 
3223-3230. 

Elvert, M., Suess, E., and Whiticar, M.J. (1999). Anaerobic methane oxidation associated with marine gas hydrates: 
superlight C-isotopes from saturated and unsaturated C20 and C25 irregular isoprenoids. Naturwissenschaften 86, 
295-300. 

Endesfelder, D., Engel, M., Davis-Richardson, A.G., Ardissone, A.N., Achenbach, P., Hummel, S., Winkler, C., Atkinson, M., 
Schatz, D., and Triplett, E. (2016). Towards a functional hypothesis relating anti-islet cell autoimmunity to the 
dietary impact on microbial communities and butyrate production. Microbiome 4, 1. 

Engelhardt, H. (2007). Are S-layers exoskeletons? The basic function of protein surface layers revisited. Journal of Structural 
Biology 160, 115-124. 

Engelhardt, H., and Peters, J. (1998). Structural Research on Surface Layers: A Focus on Stability, Surface Layer Homology 
Domains, and Surface Layer–Cell Wall Interactions. Journal of Structural Biology 124, 276-302. 

Evans, P.N., Parks, D.H., Chadwick, G.L., Robbins, S.J., Orphan, V.J., Golding, S.D., and Tyson, G.W. (2015). Methane 
metabolism in the archaeal phylum Bathyarchaeota revealed by genome-centric metagenomics. Science 350, 434-
438. 

Fagan, R.P., Albesa-Jové, D., Qazi, O., Svergun, D.I., Brown, K.A., and Fairweather, N.F. (2009). Structural insights into the 
molecular organization of the S-layer from Clostridium difficile. Molecular Microbiology 71, 1308-1322. 



VI. Bibliography 

- 152 - 
 

Fairén, A.G., Davila, A.F., Lim, D., Bramall, N., Bonaccorsi, R., Zavaleta, J., Uceda, E.R., Stoker, C., Wierzchos, J., and Dohm, 
J.M. (2010). Astrobiology through the ages of Mars: the study of terrestrial analogues to understand the 
habitability of Mars. Astrobiology 10, 821-843. 

Fajardo-Cavazos, P., and Nicholson, W.L. (2016). Cultivation of Staphylococcus epidermidis in the Human Spaceflight 
Environment Leads to Alterations in the Frequency and Spectrum of Spontaneous Rifampicin-Resistance 
Mutations in the rpoB Gene. Frontiers in Microbiology 7. 

Feinstein, L.M., Sul, W.J., and Blackwood, C.B. (2009). Assessment of bias associated with incomplete extraction of microbial 
DNA from soil. Applied and Environmental Microbiology 75, 5428-5433. 

Fernández-Remolar, D.C., Prieto-Ballesteros, O., Rodríguez, N., Gómez, F., Amils, R., Gómez-Elvira, J., and Stoker, C.R. 
(2008). Underground habitats in the Río Tinto basin: a model for subsurface life habitats on Mars. Astrobiology 8, 
1023-1047. 

Flemming, H.-C., and Wingender, J. (2010). The biofilm matrix. Nature Reviews Microbiology 8, 623-633. 

Fonti, S., and Marzo, G. (2010). Mapping the methane on Mars. Astronomy & Astrophysics 512, A51. 

Formisano, V., Atreya, S., Encrenaz, T., Ignatiev, N., and Giuranna, M. (2004). Detection of methane in the atmosphere of 
Mars. Science 306, 1758-1761. 

Fox, L.R. (1975). Cannibalism in natural populations. Annual Review of Ecology and Systematics, 87-106. 

Francetic, O., Buddelmeijer, N., Lewenza, S., Kumamoto, C.A., and Pugsley, A.P. (2007). Signal recognition particle-
dependent inner membrane targeting of the PulG pseudopilin component of a type II secretion system. Journal of 
Bacteriology 189, 1783-1793. 

Franchi, I., Wright, I., Sexton, A., and Pillinger, C. (1999). The oxygen‐isotopic composition of Earth and Mars. Meteoritics & 
Planetary Science 34, 657-661. 

François, B., Jafri, H.S., and Bonten, M. (2016). Alternatives to antibiotics. Intensive Care Medicine, 1-3. 

Franzmann, P.D., Liu, Y., Balkwill, D.L., Aldrich, H.C., De Macario, E.C., and Boone, D.R. (1997). Methanogenium frigidum sp. 
nov., a psychrophilic, H2-using methanogen from Ace Lake, Antarctica. International Journal of Systematic and 
Evolutionary Microbiology 47, 1068-1072. 

Fredrickson, J.K., and Onstott, T.C. (1996). Microbes deep inside the earth. Scientific American 275, 68-73. 

Freissinet, C., Glavin, D., Buch, A., Szopa, C., Archer, P., Brinckerhoff, W., Brunner, A., Eigenbrode, J., Franz, H., and Kashyap, 
S. (2016). Preservation of Organic Molecules at Mars' Near-Surface. LPI Contributions 1912. 

Friedmann, E. (1986). The Antarctic cold desert and the search for traces of life on Mars. Advances in Space Research 6, 
265-268. 

Fröls, S., Ajon, M., Wagner, M., Teichmann, D., Zolghadr, B., Folea, M., Boekema, E.J., Driessen, A.J., Schleper, C., and 
Albers, S.V. (2008). UV‐inducible cellular aggregation of the hyperthermophilic archaeon Sulfolobus solfataricus is 
mediated by pili formation. Molecular Microbiology 70, 938-952. 

Fröls, S., Dyall‐Smith, M., and Pfeifer, F. (2012). Biofilm formation by haloarchaea. Environmental Microbiology 14, 3159-
3174. 

Furnes, H., Banerjee, N.R., Muehlenbachs, K., Staudigel, H., and De Wit, M. (2004). Early life recorded in Archean pillow 
lavas. Science 304, 578-581. 

Gaboyer, F., Le Milbeau, C., Bohmeier, M., Schwender, P., Vannier, P., Beblo-Vranesevic, K., Rabbow, E., Foucher, F., 
Gautret, P., Guegan, R., Richard, A., Sauldubois, A., Richmann, R., Perras, A.K., Moissl-Eichinger, C., Cockell, C.S., 
Rettberg, P., Marteinsson, V., Monaghan, E., Ehrenfreund, P., Garcia-Descalzo, L., Gomez, F., Malki, M., Amils, R., 
Cabezas, P., Walter, N., and Westall, F. (2016). Mineralization and preservation of an extremotolerant bacterium 
isolated from an Early Mars analog environment. submitted to Nature Scientific reports. 

Gaci, N., Borrel, G., Tottey, W., O’toole, P.W., and Brugère, J.-F. (2014). Archaea and the human gut: new beginning of an 
old story. World Journal of Gastroenterology 20, 16062-16078. 

Ganzert, L., Jurgens, G., Münster, U., and Wagner, D. (2007). Methanogenic communities in permafrost-affected soils of the 
Laptev Sea coast, Siberian Arctic, characterized by 16S rRNA gene fingerprints. FEMS Microbiology Ecology 59, 
476-488. 

Gavrish, E., Bollmann, A., Epstein, S., and Lewis, K. (2008). A trap for in situ cultivation of filamentous actinobacteria. Journal 
of Microbiological Methods 72, 257-262. 

Geier, H., Mostowy, S., Cangelosi, G.A., Behr, M.A., and Ford, T.E. (2008). Autoinducer-2 triggers the oxidative stress 
response in Mycobacterium avium, leading to biofilm formation. Applied and Environmental Microbiology 74, 
1798-1804. 



VI. Bibliography 

- 153 - 
 

Geminale, A., Formisano, V., and Giuranna, M. (2008). Methane in Martian atmosphere: average spatial, diurnal, and 
seasonal behaviour. Planetary and Space Science 56, 1194-1203. 

Geminale, A., Formisano, V., and Sindoni, G. (2011). Mapping methane in Martian atmosphere with PFS-MEX data. 
Planetary and Space Science 59, 137-148. 

Gerritsen, V.B. (2002). The Tiptoe of an airbus. Protein Spotlight Swiss Prot 24, 1-2. 

Ghosh, S., Osman, S., Vaishampayan, P., and Venkateswaran, K. (2010). Recurrent isolation of extremotolerant bacteria 
from the clean room where Phoenix spacecraft components were assembled. Astrobiology 10, 325-335. 

Gilbert, J.A., Jansson, J.K., and Knight, R. (2014). The Earth Microbiome project: successes and aspirations. BMC Bbiology 12, 
1. 

Gilichinsky, D., Wilson, G., Friedmann, E., Mckay, C., Sletten, R., Rivkina, E., Vishnivetskaya, T., Erokhina, L., Ivanushkina, N., 
and Kochkina, G. (2007). Microbial populations in Antarctic permafrost: biodiversity, state, age, and implication 
for astrobiology. Astrobiology 7, 275-311. 

Gill, E.E., and Brinkman, F.S. (2011). The proportional lack of archaeal pathogens: Do viruses/phages hold the key? Bioessays 
33, 248-254. 

Goertz, G.B., and Hedlund, B.P. (2013). Biogeography and Phylogeny of Aigarchaeota, A Novel Phylum of Archaea. 
University of Nevada, Las Vegas; Center for Academic Enrichment and Outreach.Available 
at: http://digitalscholarship.unlv.edu/mcnair_posters/33 

Grayson, M.L. (2010). Kucers' the use of antibiotics: a clinical review of antibacterial, antifungal, antiparasitic, and antiviral 
drugs. Hodder Arnold London United Kingdom. 

Grice, E.A., Kong, H.H., Conlan, S., Deming, C.B., Davis, J., Young, A.C., Bouffard, G.G., Blakesley, R.W., Murray, P.R., and 
Green, E.D. (2009). Topographical and temporal diversity of the human skin microbiome. Science 324, 1190-1192. 

Grimm, R.E., Harrison, K.P., and Stillman, D.E. (2014). Water budgets of martian recurring slope lineae. Icarus 233, 316-327. 

Groemer, G., Losiak, A., Soucek, A., Plank, C., Zanardini, L., Sejkora, N., and Sams, S. (2016). Mars Analog Mission: Glacier 
Simulation AMADEE-15 by Austrian Space Forum. EGU General Assembly Conference Abstracts, 10367. 

Groemer, G., Losiak, A., Soucek, A., Plank, C., Zanardini, L., Sejkora, N., and Sams, S. (2016). "Terrestrial Operational Analog 
of the Mars Mission: Lessons Learned from the Glacier Simulation AMADEE-15 by Austrian Space Forum. Lunar 
and Planetary Science Conference. 

Großkopf, R., Janssen, P.H., and Liesack, W. (1998). Diversity and structure of the methanogenic community in anoxic rice 
paddy soil microcosms as examined by cultivation and direct 16S rRNA gene sequence retrieval. Applied and 
Environmental Microbiology 64, 960-969. 

Grotzinger, J.P., Sumner, D., Kah, L., Stack, K., Gupta, S., Edgar, L., Rubin, D., Lewis, K., Schieber, J., and Mangold, N. (2014). 
A habitable fluvio-lacustrine environment at Yellowknife Bay, Gale Crater, Mars. Science 343, 1242777. 

Gut, I.M., Bartlett, R.A., Yeager, J.J., Leroux, B., Ratnesar-Shumate, S., Dabisch, P., and Karaolis, D.K. (2016). Extraction of 
Aerosol-Deposited Yersinia pestis from Indoor Surfaces To Determine Bacterial Environmental Decay. Applied and 
Environmental Microbiology 82, 2809-2818. 

Hartzell, J.D., Kim, A.S., Kortepeter, M.G., and Moran, K.A. (2007). Acinetobacter pneumonia: a review. Medscape General 
Medicine 9, 4. 

Hasan, F., Shah, A.A., and Hameed, A. (2006). Industrial applications of microbial lipases. Enzyme and Microbial Technology 
39, 235-251. 

Hatzenpichler, R., Lebedeva, E.V., Spieck, E., Stoecker, K., Richter, A., Daims, H., and Wagner, M. (2008). A moderately 
thermophilic ammonia-oxidizing crenarchaeote from a hot spring. Proceedings of the National Academy of 
Sciences 105, 2134-2139. 

Hayashi, T., and Kaida, R. (2011). Functions of xyloglucan in plant cells. Molecular Plant 4, 17-24. 

He, Y., Li, M., Perumal, V., Feng, X., Fang, J., Xie, J., Sievert, S., and Wang, F. (2016). Genomic and enzymatic evidence for 
acetogenesis among multiple lineages of the archaeal phylum Bathyarchaeota widespread in marine sediments. 
Nature Microbiology 1, 16035. 

Heberle, H., Meirelles, G.V., Da Silva, F.R., Telles, G.P., and Minghim, R. (2015). InteractiVenn: a web-based tool for the 
analysis of sets through Venn diagrams. BMC Bioinformatics 16, 1. 

Hecht, M., Kounaves, S., Quinn, R., West, S., Young, S., Ming, D., Catling, D., Clark, B., Boynton, W.V., and Hoffman, J. (2009). 
Detection of perchlorate and the soluble chemistry of martian soil at the Phoenix lander site. Science 325, 64-67. 

http://digitalscholarship.unlv.edu/mcnair_posters/33


VI. Bibliography 

- 154 - 
 

Heidebrecht, A., and Scheibel, T. (2012). Recombinant production of spider silk proteins. Advances in Applied Microbiology 
82, 115-153. 

Henneberger, R., Moissl, C., Amann, T., Rudolph, C., and Huber, R. (2006). New insights into the lifestyle of the cold-loving 
SM1 euryarchaeon: natural growth as a monospecies biofilm in the subsurface. Applied and Environmental 
Microbiology 72, 192-199. 

Hiesinger, H., and Head Iii, J.W. (2002). Topography and morphology of the Argyre Basin, Mars: Implications for its geologic 
and hydrologic history. Planetary and Space Science 50, 939-981. 

Hinrichs, K.-U., Hayes, J.M., Sylva, S.P., Brewer, P.G., and Delong, E.F. (1999). Methane-consuming archaebacteria in marine 
sediments. Nature 398, 802-805. 

Hirayama, H., Takai, K., Inagaki, F., Yamato, Y., Suzuki, M., Nealson, K.H., and Horikoshi, K. (2005). Bacterial community shift 
along a subsurface geothermal water stream in a Japanese gold mine. Extremophiles 9, 169-184. 

Hoefler, B.C., Konganti, K., and Straight, P.D. (2013). De novo assembly of the Streptomyces sp. strain Mg1 genome using 
PacBio single-molecule sequencing. Genome Announcements 1. 

Hoehler, T.M., Alperin, M.J., Albert, D.B., and Martens, C.S. (1994). Field and laboratory studies of methane oxidation in an 
anoxic marine sediment: Evidence for a methanogen‐sulfate reducer consortium. Global Biogeochemical Cycles 8, 
451-463. 

Hofmann, A., and Bolhar, R. (2007). Carbonaceous cherts in the Barberton greenstone belt and their significance for the 
study of early life in the Archean record. Astrobiology 7, 355-388. 

Hofmann, B.A., Farmer, J., and Chang, S. (1997). Microbial fossils from terrestrial subsurface hydrothermal environments: 
Examples and implications for Mars. NASA Technical Report Server (NTRS). 

Holmes, K.C., Angert, I., Kull, F.J., Jahn, W., and Schröder, R.R. (2003). Electron cryo-microscopy shows how strong binding 
of myosin to actin releases nucleotide. Nature 425, 423-427. 

Hong, H.A., To, E., Fakhry, S., Baccigalupi, L., Ricca, E., and Cutting, S.M. (2009a). Defining the natural habitat of Bacillus 
spore-formers. Research in Microbiology 160, 375-379. 

Hong, S., Bunge, J., Leslin, C., Jeon, S., and Epstein, S.S. (2009b). Polymerase chain reaction primers miss half of rRNA 
microbial diversity. International Journal of Systematic and Evolutionary Microbiology 3, 1365-1373. 

Hoover, R.B., Pikuta, E.V., Marsic, D., and Ng, J.D. (2002). Anaerobic psychrophiles from Alaska, Antarctica, and Patagonia: 
implications to possible life on Mars and Europa. International Symposium on Optical Science and Technology: 
International Society for Optics and Photonics, 313-324. 

Horneck, G., Moeller, R., Cadet, J., Douki, T., Mancinelli, R.L., Nicholson, W.L., Panitz, C., Rabbow, E., Rettberg, P., and Spry, 
A. (2012). Resistance of bacterial endospores to outer space for planetary protection purposes—experiment 
PROTECT of the EXPOSE-E mission. Astrobiology 12, 445-456. 

Hospodsky, D., Qian, J., Nazaroff, W.W., Yamamoto, N., Bibby, K., Rismani-Yazdi, H., and Peccia, J. (2012). Human occupancy 
as a source of indoor airborne bacteria. PloS One 7, e34867. 

Antibiotics Info [Internet]. [cited 2016 Jul 1]. Available from: http://www. antibiotics-info.org/  

Huang, H.K., and Tseng, S. (2001). Nitrate reduction by Citrobacter diversus under aerobic environment. Applied 
Microbiology and Biotechnology 55, 90-94. 

Huber, H., Hohn, M.J., Rachel, R., Fuchs, T., Wimmer, V.C., and Stetter, K.O. (2002). A new phylum of Archaea represented 
by a nanosized hyperthermophilic symbiont. Nature 417, 63-67. 

Huber, H., Kuper, U., Daxer, S., and Rachel, R. (2012). The unusual cell biology of the hyperthermophilic Crenarchaeon 
Ignicoccus hospitalis. Antonie Van Leeuwenhoek 102, 203-219. 

Hug, L.A., Baker, B.J., Anantharaman, K., Brown, C.T., Probst, A.J., Castelle, C.J., Butterfield, C.N., Hernsdorf, A.W., Amano, 
Y., and Ise, K. (2016). A new view of the tree of life. Nature Microbiology 1, 16048. 

Hugenholtz, P., Cunningham, M., Hendrikz, J., and Fuerst, J. (1995). Desiccation resistance of bacteria isolated from an air‐
handling system biofilm determined using a simple quantitative membrane filter method. Letters in Applied 
Microbiology 21, 41-46. 

Hungate, R. (1969). Chapter IV A roll tube method for cultivation of strict anaerobes. Methods in Microbiology 3, 117-132. 

Iino, T., Tamaki, H., Tamazawa, S., Ueno, Y., Ohkuma, M., Suzuki, K., Igarashi, Y., and Haruta, S. (2013). Candidatus 
Methanogranum caenicola: a novel methanogen from the anaerobic digested sludge, and proposal of 
Methanomassiliicoccaceae fam. nov. and Methanomassiliicoccales ord. nov., for a methanogenic lineage of the 
class Thermoplasmata. Microbes and Environments 28, 244-250. 



VI. Bibliography 

- 155 - 
 

Ionescu, D., Siebert, C., Polerecky, L., Munwes, Y.Y., Lott, C., Hausler, S., Bizic-Ionescu, M., Quast, C., Peplies, J., Glockner, 
F.O., Ramette, A., Rodiger, T., Dittmar, T., Oren, A., Geyer, S., Stark, H.J., Sauter, M., Licha, T., Laronne, J.B., and 
De Beer, D. (2012). Microbial and chemical characterization of underwater fresh water springs in the Dead Sea. 
PLoS One 7, e38319. 

Jahn, U., Gallenberger, M., Junglas, B., Eisenreich, W., Stetter, K.O., Rachel, R., and Huber, H. (2008). Nanoarchaeum 
equitans and Ignicoccus hospitalis: new insights into a unique, intimate association of two archaea. Journal of 
Bacteriology 190, 1743-1750. 

Jahn, U., Hohn, M.J., Kronner, M., Näther, D.J., Burghardt, T., Rachel, R., Stetter, K.O., and Huber, H. (2007). Ignicoccus 
hospitalis sp. nov., the host of ‘Nanoarchaeum equitans’. International Journal of Systematic and Evolutionary 
Microbiology 57, 803-808. 

Jahn, U., Summons, R., Sturt, H., Grosjean, E., and Huber, H. (2004). Composition of the lipids of Nanoarchaeum equitans 
and their origin from its host Ignicoccus sp. strain KIN4/I. Archives of Microbiology 182, 404-413. 

Jakosky, B.M., and Phillips, R.J. (2001). Mars' volatile and climate history. Nature 412, 237-244. 

Jarrell, K.F., and Mcbride, M.J. (2008). The surprisingly diverse ways that prokaryotes move. Nature Reviews Microbiology 6, 
466-476. 

Jarrell, K.F., Stark, M., Nair, D.B., and Chong, J.P. (2011). Flagella and pili are both necessary for efficient attachment of 
Methanococcus maripaludis to surfaces. FEMS Microbiology Letters 319, 44-50. 

Johnson, D.B. (2006). Biohydrometallurgy and the environment: intimate and important interplay. Hydrometallurgy 83, 
153-166. 

Joseph, S.J., Hugenholtz, P., Sangwan, P., Osborne, C.A., and Janssen, P.H. (2003). Laboratory cultivation of widespread and 
previously uncultured soil bacteria. Applied and Environmental Microbiology 69, 7210-7215. 

Junglas, B., Briegel, A., Burghardt, T., Walther, P., Wirth, R., Huber, H., and Rachel, R. (2008). Ignicoccus hospitalis and 
Nanoarchaeum equitans: ultrastructure, cell–cell interaction, and 3D reconstruction from serial sections of freeze-
substituted cells and by electron cryotomography. Archives of Microbiology 190, 395-408. 

Kantor, R.S., Wrighton, K.C., Handley, K.M., Sharon, I., Hug, L.A., Castelle, C.J., Thomas, B.C., and Banfield, J.F. (2013). Small 
genomes and sparse metabolisms of sediment-associated bacteria from four candidate phyla. MBio 4, e00708-
00713. 

Kembel, S.W., Wu, M., Eisen, J.A., and Green, J.L. (2012). Incorporating 16S gene copy number information improves 
estimates of microbial diversity and abundance. PLoS Computional Biology 8, e1002743. 

Kim, O.-S., Cho, Y.-J., Lee, K., Yoon, S.-H., Kim, M., Na, H., Park, S.-C., Jeon, Y.S., Lee, J.-H., and Yi, H. (2012). Introducing 
EzTaxon-e: a prokaryotic 16S rRNA gene sequence database with phylotypes that represent uncultured species. 
International Journal of Systematic and Evolutionary Microbiology 62, 716-721. 

Kim, W., Tengra, F.K., Young, Z., Shong, J., Marchand, N., Chan, H.K., Pangule, R.C., Parra, M., Dordick, J.S., and Plawsky, J.L. 
(2013). Spaceflight promotes biofilm formation by Pseudomonas aeruginosa. PloS One 8, e62437. 

Klingl, A. (2014). S-layer and cytoplasmic membrane–exceptions from the typical archaeal cell wall with a focus on double 
membranes. Frontiers in Microbiology 5, 624. 

Klingl, A., Moissl-Eichinger, C., Wanner, G., Zweck, J., Huber, H., Thomm, M., and Rachel, R. (2011). Analysis of the surface 
proteins of Acidithiobacillus ferrooxidans strain SP5/1 and the new, pyrite-oxidizing Acidithiobacillus isolate 
HV2/2, and their possible involvement in pyrite oxidation. Archives of Microbiology 193, 867-882. 

Kminek G, Rummel JD. COSPAR’s Planetary Protection Policy. Sp Res Today. 2015; Available: 762  

https://cosparhq.cnes.fr/sites/default/files/ppp_article_linked_to_ppp_webpage.pdf 

Knoll, A.H., and Grotzinger, J. (2006). Water on Mars and the prospect of martian life. Elements 2, 169-173. 

Koch, M., Rudolph, C., Moissl, C., and Huber, R. (2006). A cold-loving crenarchaeon is a substantial part of a novel microbial 
community in cold sulphidic marsh water. FEMS Microbiology Ecology 57, 55-66. 

Kodama, Y., and Watanabe, K. (2004). Sulfuricurvum kujiense gen. nov., sp. nov., a facultatively anaerobic, 
chemolithoautotrophic, sulfur-oxidizing bacterium isolated from an underground crude-oil storage cavity. 
International Journal of Systematic and Evolutionary Microbiology 54, 2297-2300. 

König, H., Rachel, R., and Claus, H. (2007). Proteinaceous surface layers of Archaea: ultrastructure and biochemistry.  
Archaea. American Society of Microbiology, 315-340. 

Kooken, J.M., Fox, K.F., and Fox, A. (2012). Characterization of Micrococcus strains isolated from indoor air. Molecular and 
Cellular Probes 26, 1-5. 



VI. Bibliography 

- 156 - 
 

Koornhof, H., Smego Jr, R., and Nicol, M. (1999). Yersiniosis II: the pathogenesis of Yersinia infections. European Journal of 
Clinical Microbiology & Infectious Diseases 18, 87-112. 

Koskinen, K., Rettberg, P., Pukall, R., Auerbach, A.K., Wink, L., Barczyk, S., Perras, A., Mahnert, A., Margheritis, D., Kminek, 
G., and Moissl-Eichinger, C. (2016). Microbial biodiversity assessment of the European Space Agency’s ExoMars 
2016 mission. Submitted to PLoS One. 

Kotsyurbenko, O.R., Nozhevnikova, A.N., Soloviova, T.I., and Zavarzin, G.A. (1996). Methanogenesis at low temperatures by 
microflora of tundra wetland soil. Antonie Van Leeuwenhoek 69, 75-86. 

Kral, T.A., Altheide, T.S., Lueders, A.E., and Schuerger, A.C. (2011). Low pressure and desiccation effects on methanogens: 
implications for life on Mars. Planetary and Space Science 59, 264-270. 

Kral, T.A., Bekkum, C.R., and Mckay, C.P. (2004). Growth of methanogens on a Mars soil simulant. Origins of Life and 
Evolution of the Biosphere 34, 615-626. 

Kremer, J.R., Mastronarde, D.N., and Mcintosh, J.R. (1996). Computer Visualization of Three-Dimensional Image Data Using 
IMOD. Journal of Structural Biology 116, 71-76. 

Küper, U., Meyer, C., Müller, V., Rachel, R., and Huber, H. (2010). Energized outer membrane and spatial separation of 
metabolic processes in the hyperthermophilic Archaeon Ignicoccus hospitalis. Proceedings of the National 
Academy of Sciences 107, 3152-3156. 

Kuske, C.R., Banton, K.L., Adorada, D.L., Stark, P.C., Hill, K.K., and Jackson, P.J. (1998). Small-scale DNA sample preparation 
method for field PCR detection of microbial cells and spores in soil. Applied and Environmental Microbiology 64, 
2463-2472. 

La Duc, M., Kern, R., and Venkateswaran, K. (2004). Microbial monitoring of spacecraft and associated environments. 
Microbial ecology 47, 150-158. 

La Duc, M.T., Dekas, A., Osman, S., Moissl, C., Newcombe, D., and Venkateswaran, K. (2007). Isolation and characterization 
of bacteria capable of tolerating the extreme conditions of clean room environments. Applied and Environmental 
Microbiology 73, 2600-2611. 

La Duc, M.T., Nicholson, W., Kern, R., and Venkateswaran, K. (2003). Microbial characterization of the Mars Odyssey 
spacecraft and its encapsulation facility. Environmental Microbiology 5, 977-985. 

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 
680-685. 

Lagier, J.C., Armougom, F., Million, M., Hugon, P., Pagnier, I., Robert, C., Bittar, F., Fournous, G., Gimenez, G., and 
Maraninchi, M. (2012). Microbial culturomics: paradigm shift in the human gut microbiome study. Clinical 
Microbiology and Infection 18, 1185-1193. 

Lang, K., Schuldes, J., Klingl, A., Poehlein, A., Daniel, R., and Brune, A. (2015). New mode of energy metabolism in the 
seventh order of methanogens as revealed by comparative genome analysis of “Candidatus Methanoplasma 
termitum”. Applied and Environmental Microbiology 81, 1338-1352. 

Lapaglia, C., and Hartzell, P.L. (1997). Stress-Induced Production of Biofilm in the hyperthermophile Archaeoglobus fulgidus. 
Applied and Environmental Microbiology 63, 3158-3163. 

Leblanc, J.G., Milani, C., De Giori, G.S., Sesma, F., Van Sinderen, D., and Ventura, M. (2013). Bacteria as vitamin suppliers to 
their host: a gut microbiota perspective. Current Opinion in Biotechnology 24, 160-168. 

Lee, C.K., Herbold, C.W., Polson, S.W., Wommack, K.E., Williamson, S.J., Mcdonald, I.R., and Cary, S.C. (2012). 
Groundtruthing next-gen sequencing for microbial ecology–biases and errors in community structure estimates 
from PCR amplicon pyrosequencing. PloS One 7, e44224. 

Letunic, I., and Bork, P. (2007). Interactive Tree Of Life (iTOL): an online tool for phylogenetic tree display and annotation. 
Bioinformatics 23, 127-128. 

Leuko, S., Rothschild, L., and Burns, B. (2010). Halophilic archaea and the search for extinct and extant life on Mars. Journal 
of Cosmology 5, 940-950. 

Lever, M.A. (2016). A New Era of Methanogenesis Research. Trends in Microbiology 24, 84-86. 

Ling, L.L., Schneider, T., Peoples, A.J., Spoering, A.L., Engels, I., Conlon, B.P., Mueller, A., Schäberle, T.F., Hughes, D.E., and 
Epstein, S. (2015). A new antibiotic kills pathogens without detectable resistance. Nature 517, 455-459. 

Litchfield, C.D. (1998). Survival strategies for microorganisms in hypersaline environments and their relevance to life on 
early Mars. Meteoritics & Planetary Science 33, 813-819. 

Liu, J., Richardson, M.I., and Wilson, R. (2003). An assessment of the global, seasonal, and interannual spacecraft record of 
Martian climate in the thermal infrared. Journal of Geophysical Research: Planets 108. 



VI. Bibliography 

- 157 - 
 

Lloyd, K.G., Lapham, L., and Teske, A. (2006). An anaerobic methane-oxidizing community of ANME-1b archaea in 
hypersaline Gulf of Mexico sediments. Applied and Environmental Microbiology 72, 7218-7230. 

Lobley, A., Sadowski, M.I., and Jones, D.T. (2009). pGenTHREADER and pDomTHREADER: new methods for improved protein 
fold recognition and superfamily discrimination. Bioinformatics 25, 1761-1767. 

López-Lozano, N.E., Eguiarte, L.E., Bonilla-Rosso, G., García-Oliva, F., Martínez-Piedragil, C., Rooks, C., and Souza, V. (2012). 
Bacterial communities and the nitrogen cycle in the gypsum soils of Cuatro Ciénegas Basin, Coahuila: a Mars 
analogue. Astrobiology 12, 699-709. 

Lovley, D.R., Giovannoni, S.J., White, D.C., Champine, J.E., Phillips, E., Gorby, Y.A., and Goodwin, S. (1993). Geobacter 
metallireducens gen. nov. sp. nov., a microorganism capable of coupling the complete oxidation of organic 
compounds to the reduction of iron and other metals. Archives of Microbiology 159, 336-344. 

Lowe, E.C., Baslé, A., Czjzek, M., Firbank, S.J., and Bolam, D.N. (2012). A scissor blade-like closing mechanism implicated in 
transmembrane signaling in a Bacteroides hybrid two-component system. Proceedings of the National Academy 
of Sciences 109, 7298-7303. 

Mahaffy, P.R., Webster, C.R., Atreya, S.K., Franz, H., Wong, M., Conrad, P.G., Harpold, D., Jones, J.J., Leshin, L.A., and 
Manning, H. (2013). Abundance and isotopic composition of gases in the martian atmosphere from the Curiosity 
rover. Science 341, 263-266. 

Maier, B. (2005). Using laser tweezers to measure twitching motility in Neisseria. Current Opinion in Microbiology 8, 344-
349. 

Makabe, K., Mcelheny, D., Tereshko, V., Hilyard, A., Gawlak, G., Yan, S., Koide, A., and Koide, S. (2006). Atomic structures of 
peptide self-assembly mimics. Proceedings of the National Academy of Sciences 103, 17753-17758. 

Makkar, N., and Casida Jr, L. (1987). Cupriavidus necator gen. nov., sp. nov.; a Nonobligate bacterial predator of bacteria in 
soil. International Journal of Systematic and Evolutionary Microbiology 37, 323-326. 

Mann, G., Clarke, J., and Gostin, V. (2004). Surveying for Mars analogue research sites in the central Australian deserts. 
Australian Geographical Studies 42, 116-124. 

Margulis, L., and Margulis, L. (1993). Symbiosis in cell evolution: microbial communities in the Archean and Proterozoic eons. 
(Freeman, New York, 1995) 

Martin, W., and Russell, M.J. (2007). On the origin of biochemistry at an alkaline hydrothermal vent. Philosophical 
Transactions of the Royal Society of London B: Biological Sciences 362, 1887-1926. 

Martinez-Fleites, C., Guerreiro, C.I., Baumann, M.J., Taylor, E.J., Prates, J.A., Ferreira, L.M., Fontes, C.M., Brumer, H., and 
Davies, G.J. (2006). Crystal structures of Clostridium thermocellum xyloglucanase, XGH74A, reveal the structural 
basis for xyloglucan recognition and degradation. Journal of Biological Chemistry 281, 24922-24933. 

Mashburn‐Warren, L., Howe, J., Garidel, P., Richter, W., Steiniger, F., Roessle, M., Brandenburg, K., and Whiteley, M. (2008). 
Interaction of quorum signals with outer membrane lipids: insights into prokaryotic membrane vesicle formation. 
Molecular Microbiology 69, 491-502. 

Matsubara, T., Fujishima, K., Saltikov, C.W., Nakamura, S., and Rothschild, L.J. (2016). Earth analogues for past and future 
life on Mars: isolation of perchlorate resistant halophiles from Big Soda Lake. International Journal of 
Astrobiology, 1-11. 

Mattick, J.S. (2002). Type IV pili and twitching motility. Annual Reviews in Microbiology 56, 289-314. 

Mattila‐Sandholm, T., and Wirtanen, G. (1992). Biofilm formation in the industry: a review. Food Reviews International 8, 
573-603. 

Mcewen, A.S., Dundas, C.M., Mattson, S.S., Toigo, A.D., Ojha, L., Wray, J.J., Chojnacki, M., Byrne, S., Murchie, S.L., and 
Thomas, N. (2014). Recurring slope lineae in equatorial regions of Mars. Nature Geoscience 7, 53-58. 

Mcewen, A.S., Ojha, L., Dundas, C.M., Mattson, S.S., Byrne, S., Wray, J.J., Cull, S.C., Murchie, S.L., Thomas, N., and Gulick, 
V.C. (2011). Seasonal flows on warm Martian slopes. Science 333, 740-743. 

Mckay, C.P. (1997). The search for life on Mars. Planetary and Interstellar Processes Relevant to the Origins of Life. Springer, 
263-289. 

Mclennan, S.M., Anderson, R., Bell, J., Bridges, J., Calef, F., Campbell, J.L., Clark, B., Clegg, S., Conrad, P., and Cousin, A. 
(2014). Elemental geochemistry of sedimentary rocks at Yellowknife Bay, Gale crater, Mars. Science 343, 1244734. 

Mcmurdie, P.J., and Holmes, S. (2013). phyloseq: an R package for reproducible interactive analysis and graphics of 
microbiome census data. PloS One 8, e61217. 

Mechalas, B.J., and Rittenberg, S.C. (1960). Energy coupling in Desulfovibrio desulfuricans. Journal of Bacteriology 80, 501. 



VI. Bibliography 

- 158 - 
 

Mehta, S., Laudenslager, M., Stowe, R., Crucian, B., Sams, C., and Pierson, D. (2014). Multiple latent viruses reactivate in 
astronauts during Space Shuttle missions. Brain, Behavior, and Immunity 41, 210-217. 

Mendez, C., Garza, E., Gulati, P., Morris, P.A., and Allen, C.C. (2005). Isolation and identification of microorganisms in JSC 
Mars-1 simulant soil. NASA Technical Report Server (NTRS) 

Meng J, X.J., Qin D, He Y, Xiao X, Wang Fp (2014). Genetic and functional properties of uncultivated MCG archaea assessed 
by metagenome and gene expression analyses. International Journal of Systematic and Evolutionary Microbiology 
8, 650-659. 

Meyer, C., Heimerl, T., Wirth, R., Klingl, A., and Rachel, R. (2014). The Iho670 fibers of Ignicoccus hospitalis are anchored in 
the cell by a spherical structure located beneath the inner membrane. Journal of Bacteriology 196, 3807-3815. 

Milić, M., Leitinger, G., Pavičić, I., Zebić Avdičević, M., Dobrović, S., Goessler, W., and Vinković Vrček, I. (2015). Cellular 
uptake and toxicity effects of silver nanoparticles in mammalian kidney cells. Journal of Applied Toxicology 35, 
581-592. 

Miller, T.L., and Wolin, M. (1974). A serum bottle modification of the Hungate technique for cultivating obligate anaerobes. 
Applied Microbiology 27, 985. 

Miller, T.L., Wolin, M., De Macario, E.C., and Macario, A. (1982). Isolation of Methanobrevibacter smithii from human feces. 
Applied and Environmental Microbiology 43, 227-232. 

Milligan, R., Whittaker, M., and Safer, D. (1990). Molecular structure of F-actin and location of surface binding sites. Nature 
348, 217-221. 

Moe, W.M., Stebbing, R.E., Rao, J.U., Bowman, K.S., Nobre, M.F., Da Costa, M.S., and Rainey, F.A. (2012). Pelosinusdefluvii 
sp. nov., isolated from chlorinated solvent-contaminated groundwater, emended description of the genus 
Pelosinus and transfer of Sporotalea propionica to Pelosinuspropionicus comb. nov. International Journal of 
Systematic and Evolutionary Microbiology 62, 1369-1376. 

Mohammed, M.J., Marston, C.K., Popovic, T., Weyant, R.S., and Tenover, F.C. (2002). Antimicrobial susceptibility testing of 
Bacillus anthracis: comparison of results obtained by using the National Committee for Clinical Laboratory 
Standards broth microdilution reference and Etest agar gradient diffusion methods. Journal of Clinical 
Microbiology 40, 1902-1907. 

Moissl-Eichinger, C. (2011). Archaea in artificial environments: their presence in global spacecraft clean rooms and impact 
on planetary protection. International Journal of Systematic and Evolutionary Microbiology 5, 209-219. 

Moissl-Eichinger, C., Cockell, C., and Rettberg, P. (2016a). Venturing into new realms? Microorganisms in space. FEMS 
Microbiology Reviews, fuw015. 

Moissl-Eichinger, C., Henneberger, R., and Huber, R. (2012a). "SM1: A Cold-loving Archaeon with Powerful Nano-grappling 
Hooks," in Extremophiles: Microbiology and Biotechnology, ed. R.P. Anitori.  Norfolk, UK: Horizon Scientific Press, 
77. 

Moissl-Eichinger, C., and Huber, H. (2011). Archaeal symbionts and parasites. Current Opinion in Microbiology 14, 364-370. 

Moissl-Eichinger, C., Perras, A., Huber, R., and Probst, A. (2016b). "Microbial nano-tool". Google Patents. 

Moissl-Eichinger, C., Pukall, R., Probst, A.J., Stieglmeier, M., Schwendner, P., Mora, M., Barczyk, S., Bohmeier, M., and 
Rettberg, P. (2013). Lessons learned from the microbial analysis of the Herschel spacecraft during assembly, 
integration, and test operations. Astrobiology 13, 1125-1139. 

Moissl-Eichinger, C., Rettberg, P., and Pukall, R. (2012b). The first collection of spacecraft-associated microorganisms: a 
public source for extremotolerant microorganisms from spacecraft assembly clean rooms. Astrobiology 12, 1024-
1034. 

Moissl, C. (2005). Molekularbiologische und strukturelle Untersuchungen zur Biologie des neuartigen, kälteliebenden SM1 
Euryarchaeons und seiner verschiedenen Lebensgemeinschaften. Dissertation. University of Regensburg, 
Regensburg. 

Moissl, C., Osman, S., La Duc, M.T., Dekas, A., Brodie, E., Desantis, T., and Venkateswaran, K. (2007). Molecular bacterial 
community analysis of clean rooms where spacecraft are assembled. FEMS Microbiology Ecology 61, 509-521. 

Moissl, C., Rachel, R., Briegel, A., Engelhardt, H., and Huber, R. (2005). The unique structure of archaeal ‘hami’, highly 
complex cell appendages with nano‐grappling hooks. Molecular Microbiology 56, 361-370. 

Moissl, C., Rudolph, C., and Huber, R. (2002). Natural communities of novel archaea and bacteria with a string-of-pearls-like 
morphology: molecular analysis of the bacterial partners. Applied and Environmental Microbiology 68, 933-937. 

Moissl, C., Rudolph, C., Rachel, R., Koch, M., and Huber, R. (2003). In situ growth of the novel SM1 euryarchaeon from a 
string-of-pearls-like microbial community in its cold biotope, its physical separation and insights into its structure 
and physiology. Archives of Microbiology 180, 211-217. 



VI. Bibliography 

- 159 - 
 

Monsieurs, P., Mijnendonckx, K., Provoost, A., Venkateswaran, K., Ott, C.M., Leys, N., and Van Houdt, R. (2014). Genome 
sequences of Cupriavidus metallidurans strains NA1, NA4, and NE12, isolated from space equipment. Genome 
Announcements 2, e00719-00714. 

Montroni, G., Pantoquilho, M., and Santos, R. (2016). Big Data in Mission Operations, the ExoMars 2016 Experience.  AIAA 
SPACE 2016, 5403. 

Mora, M., Mahnert, A., Koskinen, K., Pausan, M.R., Oberauner-Wappis, L., Krause, R., Perras, A.K., Gorkiewicz, G., Berg, G., 
and Moissl-Eichinger, C. (2016a). Microorganisms in confined habitats: Microbial monitoring and control of 
intensive care units, operating rooms, cleanrooms and the International Space Station. Frontiers in Microbiology 
7. 

Mora, M., Perras, A., Alekhova, T.A., Wink, L., Krause, R., Aleksandrova, A., and Novozhilova, T. (2016b). Resilient 
microorganisms in dust samples of the International Space Station – Survival of the adaptation specialists. 
Microbiome 4.1 (2016): 65. 

Moran, M., Miller, J.D., Kral, T., and Scott, D. (2005). Desert methane: implications for life detection on Mars. Icarus 178, 
277-280. 

Mormile, M.R., Hong, B.-Y., and Benison, K.C. (2009). Molecular analysis of the microbial communities of Mars analog lakes 
in Western Australia. Astrobiology 9, 919-930. 

Morris, B.E., Henneberger, R., Huber, H., and Moissl-Eichinger, C. (2013). Microbial syntrophy: interaction for the common 
good. FEMS Microbiology Reviews 37, 384-406. 

Müller, J., and Overmann, J. (2011). Close interspecies interactions between prokaryotes from sulfureous environments. 
Frontiers in Microbiology 2, 146. 

Mumma, M.J., Villanueva, G.L., Novak, R.E., Hewagama, T., Bonev, B.P., Disanti, M.A., Mandell, A.M., and Smith, M.D. 
(2009). Strong release of methane on Mars in northern summer 2003. Science 323, 1041-1045. 

Münchbach, M., Nocker, A., and Narberhaus, F. (1999). Multiple small heat shock proteins in rhizobia. Journal of 
Bacteriology 181, 83-90. 

Muyzer, G., and Smalla, K. (1998). Application of denaturing gradient gel electrophoresis (DGGE) and temperature gradient 
gel electrophoresis (TGGE) in microbial ecology. Antonie van Leeuwenhoek 73, 127-141. 

NASA. National Aeronautics and Space Administration (NASA) Emergency Medical Procedures Manual for the International 
Space Station (ISS) [partial], 2016. governmentattic.org. 2016. 

Näther, D.J., Rachel, R., Wanner, G., and Wirth, R. (2006). Flagella of Pyrococcus furiosus: multifunctional organelles, made 
for swimming, adhesion to various surfaces, and cell-cell contacts. Journal of Bacteriology 188, 6915-6923. 

Navarro-González, R., Rainey, F.A., Molina, P., Bagaley, D.R., Hollen, B.J., De La Rosa, J., Small, A.M., Quinn, R.C., 
Grunthaner, F.J., and Cáceres, L. (2003). Mars-like soils in the Atacama Desert, Chile, and the dry limit of microbial 
life. Science 302, 1018-1021. 

Nealson, K.H., and Cox, B.L. (2002). Microbial metal-ion reduction and Mars: extraterrestrial expectations? Current Opinion 
in Microbiology 5, 296-300. 

Neidhardt, F.C., Ingraham, J.L., and Schaechter, M. (1990). Physiology of the bacterial cell: a molecular approach. Sinauer 
Associates, Inc., Sunderland, Mass. 

Ng, S.Y., Chaban, B., Vandyke, D.J., and Jarrell, K.F. (2007). Archaeal signal peptidases. Microbiology 153, 305-314. 

Ng, S.Y., Zolghadr, B., Driessen, A.J., Albers, S.-V., and Jarrell, K.F. (2008). Cell surface structures of archaea. Journal of 
Bacteriology 190, 6039-6047. 

Nichols, D., Cahoon, N., Trakhtenberg, E., Pham, L., Mehta, A., Belanger, A., Kanigan, T., Lewis, K., and Epstein, S. (2010). 
Use of ichip for high-throughput in situ cultivation of “uncultivable” microbial species. Applied and Environmental 
Microbiology 76, 2445-2450. 

Nicholson, W.L., Munakata, N., Horneck, G., Melosh, H.J., and Setlow, P. (2000). Resistance of Bacillus endospores to 
extreme terrestrial and extraterrestrial environments. Microbiology and Molecular Biology Reviews 64, 548-572. 

Nicolella, C., Van Loosdrecht, M., and Heijnen, J. (2000). Wastewater treatment with particulate biofilm reactors. Journal of 
Biotechnology 80, 1-33. 

Nisbet, E., Zahnle, K., Gerasimov, M., Helbert, J., Jaumann, R., Hofmann, B.A., Benzerara, K., and Westall, F. (2007). Creating 
habitable zones, at all scales, from planets to mud micro-habitats, on Earth and on Mars. Space Science Reviews 
129, 79-121. 

Nocker, A., Sossa-Fernandez, P., Burr, M.D., and Camper, A.K. (2007). Use of propidium monoazide for live/dead distinction 
in microbial ecology. Applied and Environmental Microbiology 73, 5111-5117. 

http://governmentattic.org/


VI. Bibliography 

- 160 - 
 

Noonan, B., and Trust, T.J. (1995). Molecular analysis of an A-protein secretion mutantof Aeromonas salmonicida reveals a 
surface layer-specific protein secretion pathway. Journal of Molecular Biology 248, 316-327. 

Norton, C.F., Mcgenity, T.J., and Grant, W.D. (1993). Archaeal halophiles (halobacteria) from two British salt mines. 
Microbiology 139, 1077-1081. 

Novikova, N. (2004). Review of the knowledge of microbial contamination of the Russian manned spacecraft. Microbial 
Ecology 47, 127-132. 

Novikova, N., De Boever, P., Poddubko, S., Deshevaya, E., Polikarpov, N., Rakova, N., Coninx, I., and Mergeay, M. (2006). 
Survey of environmental biocontamination on board the International Space Station. Research in Microbiology 
157, 5-12. 

Novikova, N., Polikarpov, N., Poddubko, S., and Deshevaya, E. (2001). The results of microbiological research of 
environmental microflora of orbital station Mir. SAE Technical Paper. 

Nudleman, E., and Kaiser, D. (2004). Pulling together with type IV pili. Journal of Molecular Microbiology and Biotechnology 
7, 52-62. 

Oberauner, L., Zachow, C., Lackner, S., Högenauer, C., Smolle, K.-H., and Berg, G. (2013). The ignored diversity: complex 
bacterial communities in intensive care units revealed by 16S pyrosequencing. Scientific Reports 3. 

Ojha, L., Mcewen, A., Dundas, C., Byrne, S., Mattson, S., Wray, J., Masse, M., and Schaefer, E. (2014). HiRISE observations of 
recurring slope lineae (RSL) during southern summer on Mars. Icarus 231, 365-376. 

Ojha, L., Wilhelm, M.B., Murchie, S.L., Mcewen, A.S., Wray, J.J., Hanley, J., Massé, M., and Chojnacki, M. (2015). Spectral 
evidence for hydrated salts in recurring slope lineae on Mars. Nature Geoscience 8, 829-832. 

Oren, A., Bardavid, R.E., and Mana, L. (2014). Perchlorate and halophilic prokaryotes: implications for possible halophilic life 
on Mars. Extremophiles 18, 75-80. 

Orphan, V.J. (2009). Methods for unveiling cryptic microbial partnerships in nature. Current Opinion in Microbiology 12, 
231-237. 

Orphan, V.J., House, C.H., Hinrichs, K.-U., Mckeegan, K.D., and Delong, E.F. (2001). Methane-consuming archaea revealed by 
directly coupled isotopic and phylogenetic analysis. Science 293, 484-487. 

Ott, C.M., Crabbé, A., Wilson, J.W., Barrila, J., Castro, S.L., and Nickerson, C.A. (2012). Microbial stress: spaceflight-induced 
alterations in microbial virulence and infectious disease risks for the crew. Stress Challenges and Immunity in 
Space. Springer, 203-225. 

Panikov, N.S., and Sizova, M.V. (2007). Growth kinetics of microorganisms isolated from Alaskan soil and permafrost in solid 
media frozen down to− 35 C. FEMS Microbiology Ecology 59, 500-512. 

Park, Y.S., Ohtake, H., and Toda, K. (1990). A kinetic study of acetic acid production by liquid-surface cultures of Acetobacter 
aceti. Applied Microbiology and Biotechnology 33, 259-263. 

Parks, D.H., Tyson, G.W., Hugenholtz, P., and Beiko, R.G. (2014). STAMP: statistical analysis of taxonomic and functional 
profiles. Bioinformatics 30, 3123-3124. 

Parnell, J., and Mcmahon, S. (2016). Physical and chemical controls on habitats for life in the deep subsurface beneath 
continents and ice. Philosophical Transactions of the Royal Society A 374, 20140293. 

Parro, V., Rodríguez-Manfredi, J., Briones, C., Compostizo, C., Herrero, P., Vez, E., Sebastián, E., Moreno-Paz, M., García-
Villadangos, M., and Fernández-Calvo, P. (2005). Instrument development to search for biomarkers on Mars: 
terrestrial acidophile, iron-powered chemolithoautotrophic communities as model systems. Planetary and Space 
Science 53, 729-737. 

Patolel, M., and Phadnis, N. (2000). The ‘K’selected oligophilic bacteria: a key to uncultured diversity? Current science 78. 

Paull, C.K., and Dillon, W.P. (2001). Natural gas hydrates: occurrence, distribution, and detection. Washington DC American 
Geophysical Union Geophysical Monograph Series 124. 

Pedrós-Alió, C. (2006). Marine microbial diversity: can it be determined? Trends in Microbiology 14, 257-263. 

Perras, A.K., Daum, B., Ziegler, C., Takahashi, L.K., Ahmed, M., Wanner, G., Klingl, A., Leitinger, G., Kolb-Lenz, D., and 
Gribaldo, S. (2015). S-layers at second glance? Altiarchaeal grappling hooks (hami) resemble archaeal S-layer 
proteins in structure and sequence. Frontiers in Microbiology 6. 

Perras, A.K., Wanner, G., Klingl, A., Mora, M., Auerbach, A.K., Heinz, V., Probst, A.J., Huber, H., Rachel, R., Meck, S., and 
Moissl-Eichinger, C. (2014a). Grappling archaea: ultrastructural analyses of an uncultivated, cold-loving archaeon, 
and its biofilm. Frontiers in Microbiology 5. 



VI. Bibliography 

- 161 - 
 

Perras, A.K., Wink, L., Duller, S., Monaghan, E., Schwender, P., Cockell, C.S., Rettberg, P., Beblo-Vranesevic, K., Bohmeier, 
M., Gaboyer, F., Westall, F., Walter, N., Cabezas, P., Garcia-Descalzo, L., Gomez, F., Malki, M., Amils, R., 
Ehrenfreund, P., Vannier, P., Morteinsson, V., Erlacher, A., Mahnert, A., Bashir, M., and Moissl-Eichinger, C. 
(2016). Mars exploration begins on Earth: Systematic comparison of the anaerobic, intact and cultivable 
microbiome of extreme, anoxic, Mars-analogue environmnents. submitted to Nature Communications. 

Perron, J.T., Mitrovica, J.X., Manga, M., Matsuyama, I., and Richards, M.A. (2007). Evidence for an ancient martian ocean in 
the topography of deformed shorelines. Nature 447, 840-843. 

Perry, R.D., and Fetherston, J.D. (1997). Yersinia pestis--etiologic agent of plague. Clinical microbiology reviews 10, 35-66. 

Peters, J., Nitsch, M., Kühlmorgen, B., Golbik, R., Lupas, A., Kellermann, J., Engelhardt, H., Pfander, J.-P., Müller, S., Goldie, 
K., Engel, A., Stetter, K.-O., and Baumeister, W. (1995). Tetrabrachion: A Filamentous Archaebacterial Surface 
Protein Assembly of Unusual Structure and Extreme Stability. Journal of Molecular Biology 245, 385-401. 

Pikuta, E.V., Hoover, R.B., Bej, A.K., Marsic, D., Whitman, W.B., Krader, P.E., and Tang, J. (2006). Trichococcus patagoniensis 
sp. nov., a facultative anaerobe that grows at− 5° C, isolated from penguin guano in Chilean Patagonia. 
International Journal of Systematic and Evolutionary Microbiology 56, 2055-2062. 

Pinto, A.J., and Raskin, L. (2012). PCR biases distort bacterial and archaeal community structure in pyrosequencing datasets. 
PloS One 7, e43093. 

Podar, M., Anderson, I., Makarova, K.S., Elkins, J.G., Ivanova, N., Wall, M.A., Lykidis, A., Mavromatis, K., Sun, H., and Hudson, 
M.E. (2008). A genomic analysis of the archaeal system Ignicoccus hospitalis-Nanoarchaeum equitans. Genome 
Biology 9, 1. 

Pohlschröder, M., Giménez, M.I., and Jarrell, K.F. (2005). Protein transport in Archaea: Sec and twin arginine translocation 
pathways. Current Opinion in Microbiology 8, 713-719. 

Pollard, T.D. (2007). Regulation of actin filament assembly by Arp2/3 complex and formins. Annual Reviews in Biophysics 
and Biomolecular Structure 36, 451-477. 

Postgate, J.R., and Campbell, L.L. (1966). Classification of Desulfovibrio species, the nonsporulating sulfate-reducing 
bacteria. Bacteriological Reviews 30, 732. 

Prieur, D. (2004). 13 Microbiology of Deep-Sea Hydrothermal Vents: Lessons for Mars Exploration. Water on Mars and Life. 
Springer, 299-324. 

Probst, A.J., Auerbach, A.K., and Moissl-Eichinger, C. (2013a). Archaea on human skin. PloS One 8, e65388. 

Probst, A.J., Birarda, G., Holman, H.-Y.N., Desantis, T.Z., Wanner, G., Andersen, G.L., Perras, A.K., Meck, S., Völkel, J., and 
Bechtel, H.A. (2014a). Coupling genetic and chemical microbiome profiling reveals heterogeneity of archaeome 
and bacteriome in subsurface biofilms that are dominated by the same archaeal species. PloS One 9, e99801. 

Probst, A.J., Holman, H.-Y.N., Desantis, T.Z., Andersen, G.L., Birarda, G., Bechtel, H.A., Piceno, Y.M., Sonnleitner, M., 
Venkateswaran, K., and Moissl-Eichinger, C. (2013b). Tackling the minority: sulfate-reducing bacteria in an 
archaea-dominated subsurface biofilm. International Journal of Systematic and Evolutionary Microbiology 7, 635-
651. 

Probst, A.J., and Moissl-Eichinger, C. (2015). “Altiarchaeales”: Uncultivated Archaea from the Subsurface. Life 5, 1381-1395. 

Probst, A.J., Weinmaier, T., Raymann, K., Perras, A., Emerson, J.B., Rattei, T., Wanner, G., Klingl, A., Berg, I.A., and 
Yoshinaga, M. (2014b). Biology of a widespread uncultivated archaeon that contributes to carbon fixation in the 
subsurface. Nature Communications 5. 

Pugsley, A.P. (1993). The complete general secretory pathway in gram-negative bacteria. Microbiological Reviews 57, 50. 

Qian, J., Hospodsky, D., Yamamoto, N., Nazaroff, W.W., and Peccia, J. (2012). Size‐resolved emission rates of airborne 
bacteria and fungi in an occupied classroom. Indoor Air 22, 339-351. 

Quail, M.A., Smith, M., Coupland, P., Otto, T.D., Harris, S.R., Connor, T.R., Bertoni, A., Swerdlow, H.P., and Gu, Y. (2012). A 
tale of three next generation sequencing platforms: comparison of Ion Torrent, Pacific Biosciences and Illumina 
MiSeq sequencers. BMC Genomics 13, 1. 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and Glöckner, F.O. (2013). The SILVA 
ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Research 41, 
D590-D596. 

Quince, C., Lanzén, A., Curtis, T.P., Davenport, R.J., Hall, N., Head, I.M., Read, L.F., and Sloan, W.T. (2009). Accurate 
determination of microbial diversity from 454 pyrosequencing data. Nature Methods 6, 639. 

Rachel, R. (2010). Cell envelopes of crenarchaeota and nanoarchaeota. Prokaryotic Cell Wall Compounds. Springer, 271-291. 



VI. Bibliography 

- 162 - 
 

Rachel, R., Wyschkony, I., Riehl, S., and Huber, H. (2002). The ultrastructure of Ignicoccus: evidence for a novel outer 
membrane and for intracellular vesicle budding in an archaeon. Archaea 1, 9-18. 

Radajewski, S., Ineson, P., Parekh, N.R., and Murrell, J.C. (2000). Stable-isotope probing as a tool in microbial ecology. 
Nature 403, 646-649. 

Radajewski, S., Mcdonald, I.R., and Murrell, J.C. (2003). Stable-isotope probing of nucleic acids: a window to the function of 
uncultured microorganisms. Current Opinion in Biotechnology 14, 296-302. 

Rampelotto, P.H. (2010). Resistance of microorganisms to extreme environmental conditions and its contribution to 
astrobiology. Sustainability 2, 1602-1623. 

Raskin, L., Stromley, J.M., Rittmann, B.E., and Stahl, D.A. (1994). Group-specific 16S rRNA hybridization probes to describe 
natural communities of methanogens. Applied and Environmental Microbiology 60, 1232-1240. 

Reguera, G., Mccarthy, K.D., Mehta, T., Nicoll, J.S., Tuominen, M.T., and Lovley, D.R. (2005). Extracellular electron transfer 
via microbial nanowires. Nature 435, 1098-1101. 

Ren, P.-G., and Zhou, P.-J. (2005). Salinibacillus aidingensis gen. nov., sp. nov. and Salinibacillus kushneri sp. nov., 
moderately halophilic bacteria isolated from a neutral saline lake in Xin-Jiang, China. International Journal of 
Systematic and Evolutionary Microbiology 55, 949-953. 

Rettberg, P., Anesio, A.M., Baker, V.R., Baross, J.A., Cady, S.L., Detsis, E., Foreman, C.M., Hauber, E., Ori, G.G., and Pearce, 
D.A. (2016). Planetary Protection and Mars Special Regions—A Suggestion for Updating the Definition. 
Astrobiology 16, 119-125. 

Rinke, C., Schwientek, P., Sczyrba, A., Ivanova, N.N., Anderson, I.J., Cheng, J.-F., Darling, A., Malfatti, S., Swan, B.K., and Gies, 
E.A. (2013). Insights into the phylogeny and coding potential of microbial dark matter. Nature 499, 431-437. 

Rivkina, E., Laurinavichius, K., Mcgrath, J., Tiedje, J., Shcherbakova, V., and Gilichinsky, D. (2004). Microbial life in 
permafrost. Advances in Space Research 33, 1215-1221. 

Robertson, W., Bowman, J., Franzmann, P., and Mee, B. (2001). Desulfosporosinus meridiei sp. nov., a spore-forming 
sulfate-reducing bacterium isolated from gasolene-contaminated groundwater. International Journal of 
Systematic and Evolutionary Microbiology 51, 133-140. 

Rohwer, F., Seguritan, V., Azam, F., and Knowlton, N. (2002). Diversity and distribution of coral-associated bacteria. Marine 
Ecology Progress Series 243, 1-10. 

Roush, W.D., Elias, A.D., and Mormile, R.M. (2014). Metabolic capabilities of the members of the order Halanaerobiales and 
their potential biotechnological applications. Current Biotechnology 3, 3-9. 

Rosenzweig, J.A., Ahmed, S., Eunson Jr, J., and Chopra, A.K. (2014). Low-shear force associated with modeled microgravity 
and spaceflight does not similarly impact the virulence of notable bacterial pathogens. Applied Microbiology and 
Biotechnology 98, 8797-8807. 

Rosselló‐Móra, R. (2012). Towards a taxonomy of Bacteria and Archaea based on interactive and cumulative data 
repositories. Environmental Microbiology 14, 318-334. 

Roszak, D., Grimes, D., and Colwell, R. (1984). Viable but nonrecoverable stage of Salmonella enteritidis in aquatic systems. 
Canadian journal of microbiology 30, 334-338. 

Rothschild, L.J., and Mancinelli, R.L. (2001). Life in extreme environments. Nature 409, 1092-1101. 

Rudolph, C., Moissl, C., Henneberger, R., and Huber, R. (2004a). Ecology and microbial structures of archaeal/bacterial 
strings-of-pearls communities and archaeal relatives thriving in cold sulfidic springs. FEMS Microbiology Ecology 
50, 1-11. 

Rudolph, C., Moissl, C., Henneberger, R., and Huber, R. (2004b). Ecology and microbial structures of archaeal/bacterial 
strings-of-pearls communities and archaeal relatives thriving in cold sulfidic springs. FEMS Microbiology Ecology 
50, 1-11. 

Rudolph, C., Wanner, G., and Huber, R. (2001). Natural communities of novel archaea and bacteria growing in cold sulfurous 
springs with a string-of-pearls-like morphology. Applied and Environmental Microbiology 67, 2336-2344. 

Ruiz, J., Fairén, A.G., Dohm, J.M., and Tejero, R. (2004). Thermal isostasy and deformation of possible paleoshorelines on 
Mars. Planetary and Space Science 52, 1297-1301. 

Rummel, J.D., Beaty, D.W., Jones, M.A., Bakermans, C., Barlow, N.G., Boston, P.J., Chevrier, V.F., Clark, B.C., De Vera, J.-P.P., 
and Gough, R.V. (2014). A new analysis of Mars “special regions”: findings of the second MEPAG Special Regions 
Science Analysis Group (SR-SAG2). Astrobiology 14, 887-968. 

Russell, P.W., and Orndorff, P.E. (1992). Lesions in two Escherichia coli type 1 pilus genes alter pilus number and length 
without affecting receptor binding. Journal of Bacteriology 174, 5923-5935. 



VI. Bibliography 

- 163 - 
 

Sánchez-Andrea, I., Rodríguez, N., Amils, R., and Sanz, J.L. (2011). Microbial diversity in anaerobic sediments at Rio Tinto, a 
naturally acidic environment with a high heavy metal content. Applied and Environmental Microbiology 77, 6085-
6093. 

Sanger, F., Nicklen, S., and Coulson, A.R. (1977). DNA sequencing with chain-terminating inhibitors. Proceedings of the 
National Academy of Sciences 74, 5463-5467. 

Sanz, J.L., Rodríguez, N., Díaz, E.E., and Amils, R. (2011). Methanogenesis in the sediments of Rio Tinto, an extreme acidic 
river. Environmental Microbiology 13, 2336-2341. 

Sára, M., and Sleytr, U.B. (2000). S-layer proteins. Journal of Bacteriology 182, 859-868. 

Schacht, K., and Scheibel, T. (2014). Processing of recombinant spider silk proteins into tailor-made materials for 
biomaterials applications. Current Opinion in Biotechnology 29, 62-69. 

Schleifer, K.-H. (2004). Microbial diversity: facts, problems and prospects. Systematic and Applied Microbiology 27, 3. 

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., Lesniewski, R.A., Oakley, B.B., Parks, D.H., 
and Robinson, C.J. (2009). Introducing mothur: open-source, platform-independent, community-supported 
software for describing and comparing microbial communities. Applied and Environmental Microbiology 75, 7537-
7541. 

Schopf, J.W., Kudryavtsev, A.B., Czaja, A.D., and Tripathi, A.B. (2007). Evidence of Archean life: stromatolites and 
microfossils. Precambrian Research 158, 141-155. 

Schopf, S., Wanner, G., Rachel, R., and Wirth, R. (2008). An archaeal bi-species biofilm formed by Pyrococcus furiosus and 
Methanopyrus kandleri. Archives of Microbiology 190, 371-377. 

Schrenk, M.O., Kelley, D.S., Bolton, S.A., and Baross, J.A. (2004). Low archaeal diversity linked to subseafloor geochemical 
processes at the Lost City Hydrothermal Field, Mid‐Atlantic Ridge. Environmental Microbiology 6, 1086-1095. 

Schrenk, M.O., Kelley, D.S., Delaney, J.R., and Baross, J.A. (2003). Incidence and diversity of microorganisms within the walls 
of an active deep-sea sulfide chimney. Applied and Environmental Microbiology 69, 3580-3592. 

Scrima, A., Koníčková, R., Czyzewski, B.K., Kawasaki, Y., Jeffrey, P.D., Groisman, R., Nakatani, Y., Iwai, S., Pavletich, N.P., and 
Thomä, N.H. (2008). Structural Basis of UV DNA-Damage Recognition by the DDB1–DDB2 Complex. Cell 135, 1213-
1223. 

Séjourné, A., Costard, F., Gargani, J., Soare, R., and Marmo, C. (2012). Evidence of an eolian ice-rich and stratified 
permafrost in Utopia Planitia, Mars. Planetary and Space Science 60, 248-254. 

Semmler, A.B., Whitchurch, C.B., and Mattick, J.S. (1999). A re-examination of twitching motility in Pseudomonas 
aeruginosa. Microbiology 145, 2863-2873. 

Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of human and bacteria cells in the body. 
BioRxiv, 036103. 

Sharon, I., and Banfield, J.F. (2013). Genomes from metagenomics. Science 342, 1057-1058. 

Sharon, I., Morowitz, M.J., Thomas, B.C., Costello, E.K., Relman, D.A., and Banfield, J.F. (2013). Time series community 
genomics analysis reveals rapid shifts in bacterial species, strains, and phage during infant gut colonization. 
Genome Research 23, 111-120. 

Sleytr, U., and Messner, P. (1988). Crystalline surface layers in procaryotes. Journal of Bacteriology 170, 2891. 

Sleytr, U., and Plohberger, R. (1980). The Dynamic Process of Assembly of Two-Dimensional Arrays of Macromolecules on 
Bacteria Cell Walls. Electron Microscopy at Molecular Dimensions. Springer, 36-47. 

Sleytr, U.B., Bayley, H., Sára, M., Breitwieser, A., Küpcü, S., Mader, C., Weigert, S., Unger, F.M., Messner, P., Jahn-Schmid, B., 
Schuster, B., Pum, D., Douglas, K., Clark, N.A., Moore, J.T., Winningham, T.A., Levy, S., Frithsen, I., Pankovc, J., 
Beale, P., Gillis, H.P., Choutov, D.A., and Martin, K.P. (1997). VI. Applications of S-layers1. FEMS Microbiology 
Reviews 20, 151-175. 

Sloan Jr, E.D., and Koh, C. (2007). Clathrate hydrates of natural gases. CRC press. 

Smego, R., Frean, J., and Koornhof, H. (1999). Yersiniosis I: microbiological and clinicoepidemiological aspects of plague and 
non-plague Yersinia infections. European Journal of Clinical Microbiology & Infectious Diseases 18, 1-15. 

Soina, V., and Vorobyova, E. (1996). Role of cell differentiation in high tolerance by prokaryotes of long-term preservation in 
permafrost. Advances in Space Research 18, 97-101. 

Soriano, F., Zapardiel, J., and Nieto, E. (1995). Antimicrobial susceptibilities of Corynebacterium species and other non-
spore-forming gram-positive bacilli to 18 antimicrobial agents. Antimicrobial Agents and Chemotherapy 39, 208-
214. 



VI. Bibliography 

- 164 - 
 

Soto-Giron, M.J., Rodriguez-R, L.M., Luo, C., Elk, M., Ryu, H., Hoelle, J., Santo Domingo, J.W., and Konstantinidis, K.T. (2016). 
Biofilms on Hospital Shower Hoses: Characterization and Implications for Nosocomial Infections. Applied and 
Environmental Microbiology 82, 2872-2883. 

Southam, G., Westall, F., and Spohn, T. (2015). Geology, life and habitability. Planets and Moons 10, 473-486. 

Spang, A., Hatzenpichler, R., Brochier-Armanet, C., Rattei, T., Tischler, P., Spieck, E., Streit, W., Stahl, D.A., Wagner, M., and 
Schleper, C. (2010). Distinct gene set in two different lineages of ammonia-oxidizing archaea supports the phylum 
Thaumarchaeota. Trends in Microbiology 18, 331-340. 

Sponner, A., Schlott, B., Vollrath, F., Unger, E., Grosse, F., and Weisshart, K. (2005). Characterization of the protein 
components of Nephila clavipes dragline silk. Biochemistry 44, 4727-4736. 

Squyres, S.W., and Knoll, A.H. (2005). Sedimentary rocks at Meridiani Planum: Origin, diagenesis, and implications for life on 
Mars. Earth and Planetary Science Letters 240, 1-10. 

Stahl, D. A., and R. Amann. 1991. Development and application of nucleic acid probes in bacterial systematics, p. 205–248. 
In E. Stackebrandt and M. Goodfellow (ed.), Nucleic acid techniques in bacterial systematics. John Wiley & Sons 
Ltd. Chichester, EnglandStarr, M.P., and Baigent, N.L. (1966). Parasitic interaction of Bdellovibrio bacteriovorus 
with other bacteria. Journal of bacteriology 91, 2006-2017. 

Stieglmeier, M., Rettberg, P., Barczyk, S., Bohmeier, M., Pukall, R., Wirth, R., and Moissl-Eichinger, C. (2012). Abundance and 
diversity of microbial inhabitants in European spacecraft-associated clean rooms. Astrobiology 12, 572-585. 

Stieglmeier, M., Wirth, R., Kminek, G., and Moissl-Eichinger, C. (2009). Cultivation of anaerobic and facultatively anaerobic 
bacteria from spacecraft-associated clean rooms. Applied and Environmental Microbiology 75, 3484-3491. 

Stillman, D.E., Michaels, T.I., Grimm, R.E., and Harrison, K.P. (2014). New observations of martian southern mid-latitude 
recurring slope lineae (RSL) imply formation by freshwater subsurface flows. Icarus 233, 328-341. 

Sutherland, I.W. (2001). The biofilm matrix–an immobilized but dynamic microbial environment. Trends in Microbiology 9, 
222-227. 

Sutter, B., Eigenbrode, J.L., Steele, A., and Ming, D.W. (2016). The Sample at Mars Analysis (SAM) Detections of CO2 and CO 
in Sedimentary Material from Gale Crater, Mars: Implications for the Presence of Organic Carbon and Microbial 
Habitability on Mars. NASA Technical Report Server (NTRS)  

Takai, K., and Horikoshi, K. (1999). Genetic diversity of archaea in deep-sea hydrothermal vent environments. Genetics 152, 
1285-1297. 

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: Molecular Evolutionary Genetics Analysis 
Version 6.0. Molecular Biology and Evolution 30, 2725-2729. 

Tauscher, C., Schuerger, A.C., and Nicholson, W.L. (2006). Survival and germinability of Bacillus subtilis spores exposed to 
simulated Mars solar radiation: implications for life detection and planetary protection. Astrobiology 6, 592-605. 

Teske, A. (2014). Archaea in deep marine subsurface sediments. Microbial Life of the Deep Biosphere, 143-160. 

Teubl, B.J., Leitinger, G., Schneider, M., Lehr, C.-M., Fröhlich, E., Zimmer, A., and Roblegg, E. (2015). The buccal mucosa as a 
route for TiO2 nanoparticle uptake. Nanotoxicology 9, 253-261. 

Thiel, V., Peckmann, J., Seifert, R., Wehrung, P., Reitner, J., and Michaelis, W. (1999). Highly isotopically depleted 
isoprenoids: molecular markers for ancient methane venting. Geochimica et Cosmochimica Acta 63, 3959-3966. 

Thomas, N.A., Bardy, S.L., and Jarrell, K.F. (2001). The archaeal flagellum: a different kind of prokaryotic motility structure. 
FEMS Microbiology Reviews 25, 147-174. 

Thomas, S.R. (1995). A specific PulD homolog is required for the secretion of paracrystalline surface array subunits in 
Aeromonas hydrophila. Journal of Bacteriology 177, 3932-3939. 

Thorarinsson, S. (1953). Grænavatn and Gestsstadavatn. Geografisk Tidsskrift. 

Tixador, R., Richoilley, G., Gasset, G., Planel, H., Moatti, N., Lapchine, L., Enjalbert, L., Raffin, J., Bost, R., and Zaloguev, S. 
(1985a). Preliminary results of Cytos 2 experiment. Acta astronautica 12, 131-134. 

Tixador, R., Richoilley, G., Gasset, G., Templier, J., Bes, J., Moatti, N., and Lapchine, L. (1985b). Study of minimal inhibitory 
concentration of antibiotics on bacteria cultivated in vitro in space (Cytos 2 experiment). Aviation, Space, and 
Environmental Medicine 56, 748-751. 

Trachtenberg, S., and Cohen-Krausz, S. (2006). The archaeabacterial flagellar filament: a bacterial propeller with a pilus-like 
structure. Journal of Molecular Microbiology and Biotechnology 11, 208-220. 

Trautmann, M., Lepper, P.M., and Haller, M. (2005). Ecology of Pseudomonas aeruginosa in the intensive care unit and the 
evolving role of water outlets as a reservoir of the organism. American Journal of Infection Control 33, S41-S49. 



VI. Bibliography 

- 165 - 
 

Tremblay, J., Singh, K., Fern, A., Kirton, E.S., He, S., Woyke, T., Lee, J., Chen, F., Dangl, J.L., and Tringe, S.G. (2015). Primer 
and platform effects on 16S rRNA tag sequencing. Frontiers in Microbiology 6, 771. 

Triantafyllou, K., Chang, C., and Pimentel, M. (2013). Methanogens, methane and gastrointestinal motility. Journal of 
Neurogastroenterology and Motility 20, 31-40. 

Turnbull, P.C., Sirianni, N.M., Lebron, C.I., Samaan, M.N., Sutton, F.N., Reyes, A.E., and Peruski, L.F. (2004). MICs of selected 
antibiotics for Bacillus anthracis, Bacillus cereus, Bacillus thuringiensis, and Bacillus mycoides from a range of 
clinical and environmental sources as determined by the Etest. Journal of Clinical Microbiology 42, 3626-3634. 

Tyson, G.W., Chapman, J., Hugenholtz, P., Allen, E.E., Ram, R.J., Richardson, P.M., Solovyev, V.V., Rubin, E.M., Rokhsar, D.S., 
and Banfield, J.F. (2004). Community structure and metabolism through reconstruction of microbial genomes 
from the environment. Nature 428, 37-43. 

Ueki, A., Akasaka, H., Suzuki, D., and Ueki, K. (2006). Paludibacter propionicigenes gen. nov., sp. nov., a novel strictly 
anaerobic, Gram-negative, propionate-producing bacterium isolated from plant residue in irrigated rice-field soil 
in Japan. International Journal of Systematic and Evolutionary Microbiology 56, 39-44. 

Vaishampayan, P., Probst, A.J., La Duc, M.T., Bargoma, E., Benardini, J.N., Andersen, G.L., and Venkateswaran, K. (2013). 
New perspectives on viable microbial communities in low-biomass cleanroom environments. International Journal 
of Systematic and Evolutionary Microbiology 7, 312-324. 

Vaishampayan, P.A., Rabbow, E., Horneck, G., and Venkateswaran, K.J. (2012). Survival of Bacillus pumilus spores for a 
prolonged period of time in real space conditions. Astrobiology 12, 487-497. 

Van Houdt, R., Mijnendonckx, K., and Leys, N. (2012). Microbial contamination monitoring and control during human space 
missions. Planetary and Space Science 60, 115-120. 

Veith, A., Klingl, A., Zolghadr, B., Lauber, K., Mentele, R., Lottspeich, F., Rachel, R., Albers, S.V., and Kletzin, A. (2009). 
Acidianus, Sulfolobus and Metallosphaera surface layers: structure, composition and gene expression. Molecular 
Microbiology 73, 58-72. 

Venkateswaran, K., Vaishampayan, P., Cisneros, J., Pierson, D.L., Rogers, S.O., and Perry, J. (2014). International Space 
Station environmental microbiome—microbial inventories of ISS filter debris. Applied Microbiology and 
Biotechnology 98, 6453-6466. 

Venter, J.C., Remington, K., Heidelberg, J.F., Halpern, A.L., Rusch, D., Eisen, J.A., Wu, D., Paulsen, I., Nelson, K.E., and Nelson, 
W. (2004). Environmental genome shotgun sequencing of the Sargasso Sea. Science 304, 66-74. 

Völkl, P., Huber, R., Drobner, E., Rachel, R., Burggraf, S., Trincone, A., and Stetter, K.O. (1993). Pyrobaculum aerophilum sp. 
nov., a novel nitrate-reducing hyperthermophilic archaeum. Applied and Environmental Microbiology 59, 2918-
2926. 

Wadhams, G.H., and Armitage, J.P. (2004). Making sense of it all: bacterial chemotaxis. Nature Reviews Molecular Cell 
Biology 5, 1024-1037. 

Wagner, M., Assmus, B., Hartmann, A., Hutzler, P., and Amann, R. (1994). In situ analysis of microbial consortia in activated 
sludge using fluorescently labelled, rRNA‐targeted oligonucleotide probes and confocal scanning laser 
microscopy. Journal of Microscopy 176, 181-187. 

Wang, A., Haskin, L.A., Squyres, S.W., Jolliff, B.L., Crumpler, L., Gellert, R., Schröder, C., Herkenhoff, K., Hurowitz, J., and 
Tosca, N.J. (2006). Sulfate deposition in subsurface regolith in Gusev crater, Mars. Journal of Geophysical 
Research: Planets 111. 

Wang, R., Zheng, P., Xing, Y.-J., Zhang, M., Ghulam, A., Zhao, Z.-Q., Li, W., and Wang, L. (2014). Anaerobic ferrous oxidation 
by heterotrophic denitrifying enriched culture. Journal of Industrial Microbiology & Biotechnology 41, 803-809. 

Wanner, G., Vogl, K., and Overmann, J. (2008). Ultrastructural characterization of the prokaryotic symbiosis in 
“Chlorochromatium aggregatum”. Journal of Bacteriology 190, 3721-3730. 

Wattiau, P., Woestyn, S., and Cornelis, G.R. (1996). Customized secretion chaperones in pathogenic bacteria. Molecular 
Microbiology 20, 255-262. 

Webster, C.R., Mahaffy, P.R., Atreya, S.K., Flesch, G.J., Mischna, M.A., Meslin, P.-Y., Farley, K.A., Conrad, P.G., Christensen, 
L.E., and Pavlov, A.A. (2015). Mars methane detection and variability at Gale crater. Science 347, 415-417. 

Webster, N.S., and Negri, A.P. (2006). Site‐specific variation in Antarctic marine biofilms established on artificial surfaces. 
Environmental Microbiology 8, 1177-1190. 

Weidler, G.W., Gerbl, F.W., and Stan-Lotter, H. (2008). Crenarchaeota and their role in the nitrogen cycle in a subsurface 
radioactive thermal spring in the Austrian Central Alps. Applied and Environmental Microbiology 74, 5934-5942. 

Welker, M., and Moore, E.R. (2011). Applications of whole-cell matrix-assisted laser-desorption/ionization time-of-flight 
mass spectrometry in systematic microbiology. Systematic and Applied Microbiology 34, 2-11. 



VI. Bibliography 

- 166 - 
 

Westall, F. (1999). The nature of fossil bacteria: a guide to the search for extraterrestrial life. Journal of Geophysical 
Research: Planets 104, 16437-16451. 

Westall, F. (2009). Life on an anaerobic planet. Science 323, 471-472. 

Westall, F., Foucher, F., Bost, N., Bertrand, M., Loizeau, D., Vago, J.L., Kminek, G., Gaboyer, F., Campbell, K.A., Breheret, J.G., 
Gautret, P., and Cockell, C.S. (2015). Biosignatures on Mars: What, Where, and How? Implications for the Search 
for Martian Life. Astrobiology 15, 998-1029. 

Westall, F., Foucher, F., Cavalazzi, B., De Vries, S.T., Nijman, W., Pearson, V., Watson, J., Verchovsky, A., Wright, I., and 
Rouzaud, J.-N. (2011). Volcaniclastic habitats for early life on Earth and Mars: A case study from∼ 3.5 Ga-old rocks 
from the Pilbara, Australia. Planetary and Space Science 59, 1093-1106. 

White, D.C., Sutton, S.D., and Ringelberg, D.B. (1996). The genus Sphingomonas: physiology and ecology. Current Opinion in 
Biotechnology 7, 301-306. 

Wilkins, M.R., Lindskog, I., Gasteiger, E., Bairoch, A., Sanchez, J.C., Hochstrasser, D.F., and Appel, R.D. (1997). Detailed 
peptide characterization using PEPTIDEMASS–a World‐Wide‐Web‐accessible tool. Electrophoresis 18, 403-408. 

Wilson, J., Ott, C., Zu Bentrup, K.H., Ramamurthy, R., Quick, L., Porwollik, S., Cheng, P., Mcclelland, M., Tsaprailis, G., and 
Radabaugh, T. (2007). Space flight alters bacterial gene expression and virulence and reveals a role for global 
regulator Hfq. Proceedings of the National Academy of Sciences 104, 16299-16304. 

Wingender, J., Neu, T.R., and Flemming, H.-C. (1999). What are bacterial extracellular polymeric substances? Microbial 
extracellular polymeric substances. Springer, 1-19. 

Woese, C.R., and Fox, G.E. (1977). Phylogenetic structure of the prokaryotic domain: the primary kingdoms. Proceedings of 
the National Academy of Sciences 74, 5088-5090. 

Woese, C.R., Kandler, O., and Wheelis, M.L. (1990). Towards a natural system of organisms: proposal for the domains 
Archaea, Bacteria, and Eucarya. Proceedings of the National Academy of Sciences 87, 4576-4579. 

Woods, P. (1979). The geology of Boulby mine. Economic Geology 74, 409-418. 

Xia, X.-X., Qian, Z.-G., Ki, C.S., Park, Y.H., Kaplan, D.L., and Lee, S.Y. (2010). Native-sized recombinant spider silk protein 
produced in metabolically engineered Escherichia coli results in a strong fiber. Proceedings of the National 
Academy of Sciences 107, 14059-14063. 

Xu, H.-S., Roberts, N., Singleton, F., Attwell, R., Grimes, D., and Colwell, R. (1982). Survival and viability of nonculturable 
Escherichia coli and Vibrio cholerae in the estuarine and marine environment. Microbial Ecology 8, 313-323. 

Yao, Y., Sui, X.H., Zhang, X.X., Wang, E.T., and Chen, W.X. (2015). Bradyrhizobium erythrophlei sp. nov. and Bradyrhizobium 
ferriligni sp. nov., isolated from effective nodules of Erythrophleum fordii. International Journal of Systematic and 
Evolutionary Microbiology 65, 1831-1837. 

Yelton, A.P., Comolli, L.R., Justice, N.B., Castelle, C., Denef, V.J., Thomas, B.C., and Banfield, J.F. (2013). Comparative 
genomics in acid mine drainage biofilm communities reveals metabolic and structural differentiation of co-
occurring archaea. BMC Genomics 14, 485. 

Yutin, N., and Galperin, M.Y. (2013). A genomic update on clostridial phylogeny: Gram‐negative spore formers and other 
misplaced clostridia. Environmental Microbiology 15, 2631-2641. 

Zea, L., Prasad, N., Levy, S.E., Stodieck, L., Jones, A., Shrestha, S., and Klaus, D. (2016). A Molecular Genetic Basis Explaining 
Altered Bacterial Behavior in Space. Plos One 11, e0164359. 

Zhang, W., Li, F., and Nie, L. (2010). Integrating multiple ‘omics’ analysis for microbial biology: application and 
methodologies. Microbiology 156, 287-301. 

Zilber-Rosenberg, I., and Rosenberg, E. (2008). Role of microorganisms in the evolution of animals and plants: the 
hologenome theory of evolution. FEMS Microbiology Reviews 32, 723-735. 

 

 



VII. Content of supporting CD 

- 167 - 
 

VII. Content of supporting CD 
 

The following table explains the data structure on the supporting CD. The CD includes all publications 

(published and submitted), selected publications (see Chapter III.), respective Supplementary 

Information, and a pdf version of this thesis. 

 

Table VII-1 Data structure on the supporting CD 

  

Folder 

All publications Selected publications 

Published 

manuscripts 

Submitted 

manuscripts 
0* Supplementary files 

Content 
All published 

manuscripts as pdf 

All submitted 

manuscripts as pdf 

All Supplementary files, 

descriptions and the 

manuscripts as pdf. 

The selected publications 

can be found in Chapter 

III. 

 

 

 



VIII. Eidesstattliche Erklärung 

- 168 - 
 

VIII. Eidesstattliche Erklärung 
 

 

 

 

 

Ich erkläre hiermit an Eides statt, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und 

ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die aus anderen Quellen 

direkt oder indirekt übernommenen Daten und Konzepte sind unter Angabe des Literaturzitats 

gekennzeichnet. 

 

 

Regensburg, 13.01.2017      ___________________________ 

Alexandra K. Perras 

 


