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Microbial hygiene is an important aspect of our modern society and the monitoring and 
control of microbial contamination plays a pivotal role in clinical settings, the veterinary 
field, the food industry, potable water distribution systems or air-conditioning systems in 
modern buildings, but also in advanced life support systems such as manned spacecraft. 
Moreover, concerns about microbial outbreaks such as anthrax in relation to biological 
warfare and terrorism or more recently the enterohaemorrhagic Escherichia coli (EHEC) 
have added to the need for the development of rapid and easy to use on-site detection 
methods to assure microbial hygiene. 

The International Space Station (ISS) is an orbital living and working environment with 
a controlled atmosphere that forms a unique microbial ecological niche13 which 
encompasses several spaceflight related parameters4 such as microgravity, radiation and 
semi-closed environment (Fig. 1). Since the ISS started out as a sterile environment at the 
beginning of its construction in 1998, virtually any of the surfaces of its interior has been 
colonised by microbes. Microbial colonisation may originate from various sources of which 
the crew themselves are thought to be the main source of contamination, distribution and 
means of nutrition15,18. The complex microbial ecosystem that is accommodated by the 
human body, the human microbiota, plays a crucial role in health and disease2,19. Most 
microbes are harmless or beneficial to human health and some will likely play an important 
role in making long-term space habitation feasible, such as in air and water purification or 
solid waste remediation. 
 
Health and safety issues of microbiological origin on board of the International Space 
Station 

In contrast, hazardous microbes such as (potential) pathogens and so-called 
‘technophiles’16,23 may form a serious problem in spacecraft such as the ISS18. They not 
only pose a threat to the health of the crew, but also to the integrity of technical equipment 
and materials of a spacecraft. Technophiles are defined as microbes that can colonise and 
deteriorate practically any technical material such as glass, metal, polymers or a 
combination thereof and may therefore cause damage to the equipment, which can lead to 
severe technical problems16,18. Furthermore, for a range of microbial species typical growth 
kinetics and physiology characteristics under spaceflight conditions have been reported, 
such as increased proliferation6,8,9,13,14, enhanced virulence10,14,24, increased antibiotic 
resistance10,13,14,22, increased mutation rate21,22 and differential gene expression4,24. In 
addition, the immune system of man tends to become negatively affected20. These factors 
taken together pose serious risks to the health and safety of the crew of a space station, 
especially on long-duration missions 10,22. It is therefore essential to gain insights in the 
above processes and to characterise the microbial contamination on board of the ISS1,15,18. 
These issues were addressed by a consortium of European scientists and companies in this  
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Figure 1. Overview of the main structural elements of the ISS (at assembly complete, as of February 2009). Source: 
http://www.nasa.gov/mission_pages/station/news/index.html. 
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“Microgravity Applications Programme” of the European Space Agency (ESA-MAP) and 
the ‘SAMPLE’ experiments23. 
 
Rapid and easy to use molecular methods for the on-site detection and quantification of 
microbes 

Especially for remote locations such as the ISS or comparable environments on Earth, 
rapid and easy to use methods that can be used on-site without the need for specialist 
expertise are invaluable for the detection and quantification of microbes. For the use on-
site, in particular on board of a spacecraft, microbial detection methods are preferred that 
take up as little volume and weight as possible during storage and transport due to high 
transportation costs and limited room for storage. In addition, the methods should be safe to 
perform and the use of toxic chemicals and materials should be minimised. 

Conventional culturing techniques however do not meet these criteria15,25. Furthermore, 
the culturing of hazardous microbes is not always desirable, especially on a remote location 
such as a space station where medical facilities are absent. Moreover, the detection of many 
microbes by culturing techniques is hampered as they are difficult to culture or 
uncultivable. Molecular methods overcome many of the problems encountered by 
conventional culturing techniques and are not limited by cultivation artefacts11,15,25. 
Accordingly, molecular methods have increasingly been used for the detection and 
quantification of hazardous microbes3. The development of rapid and easy to use molecular 
methods for the detection and quantification of hazardous microbes for application in 
manned spacecraft is therefore desirable and may also be valuable for applications on 
Earth. Quantitative real-time polymerase chain reaction (qrtPCR) is such a molecular 
method for the rapid detection and quantification of nucleic acid sequences3. The method 
has a high specificity with a detection sensitivity of a few molecules per reaction and the 
potential to be automated and miniaturised for use on-site by non-specialists. 
 
 
Outline and scope of the thesis 
 

One of the aims of the studies described in this thesis was to study which effect 
spaceflight conditions have on the normal microbiota of the crew. Another aim was to map 
the dynamics of microbial contamination on board of the ISS and gain insights into which 
type of locations are most susceptible to microbial growth. A final aim was to develop rapid 
and easy molecular methods for the on-site detection and quantification of hazardous 
microbes and to apply these methods during the implementation of the aims mentioned 
above. 

Rapid on-site quantitative detection of bacteria by molecular methods such as qrtPCR 
requires rapid and easy to use sampling and sample processing methods that efficiently 
recover bacterial DNA suitable for amplification. Accordingly, the efficiency of the used 
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methods as a whole, including the preceding steps of sampling and sample processing, 
needs to be assessed in order to give a reliable estimate of the quantity of bacteria present.  

In Chapter 2, the first step preceding the molecular method of qrtPCR, sampling, is 
evaluated for the purpose of rapid on-site quantitative detection of bacteria. In addition, the 
efficiency to recover DNA from bacterial cells of the model organism Escherichia coli that 
were pre-applied and dried up on glass surfaces was determined for four selected swab 
systems with qrtPCR. 

The second step preceding the method of qrtPCR, that of sample processing, is 
evaluated in Chapter 3. Sample processing for use with qrtPCR mostly involves cell lysis 
and the subsequent recovery of DNA free of amplification inhibitors. The recovery of DNA 
from defined numbers of bacterial cells that were subjected to three different DNA 
extraction methods was measured using qrtPCR for E. coli and Staphylococcus aureus. 

A general assumption that is made, is that during DNA extraction, cells used for the 
generation of standards for quantitative molecular methods such as qrtPCR or cell spiking 
in experimental settings release DNA with the same efficiency as the cells that are to be 
sampled7,12,17. Chapter 4 addresses this assumption and gives new insights to this issue. 

To apply the developed tools and to get a better understanding in the above mentioned 
processes, a series of spaceflight experiments were performed, the ‘SAMPLE’ 
experiments23. During several missions to the ISS in 2004, 2005, 2006 and 2007, samples 
were taken from the microbiota of three cosmonauts and from thirty-five distinct locations 
of the interior of the Russian Zvezda Service Module (DOS-8) of the ISS (Fig. 1). 

Knowledge on human microbiota changes under spaceflight conditions is very scarce5 
and has mainly been limited to comparisons of pre- and post-flight data due to the 
significant constraints of spaceflight experiments10,13,14. Chapter 5 describes the findings of 
in-flight changes of the bacterial microbiota of three cosmonauts during short missions to 
the ISS by using molecular methods without prior culturing, such as qrtPCR, Denaturing 
Gradient Gel Electrophoresis (DGGE) and 16S rDNA sequencing, as well as conventional 
culturing techniques. 

Chapter 6 describes the evaluation of microbial contamination of the interior of the 
Zvezda Module. The microbial composition of the samples taken from the Zvezda Module 
was determined by the same methods as described in Chapter 5, with the addition of clone 
libraries. The sampling locations were chosen in such a way that they likely represented 
presumed distinct microbial niches, such as computers, human contact areas, walls, toilet 
cabin or technical equipment. 

In the frame of monitoring and control of microbial contamination, Chapter 7 describes 
the isolation and phylogenetic affiliation of an unidentifiable Gram-positive, motile, rod-
shaped, endospore-forming facultative aerobic bacterial strain found in a sample taken from 
the interior of the Zvezda Module.  

Chapter 8 describes the challenge posed in correctly identifying virulent Bacillus 
anthracis, the etiologic agent of the disease anthrax, in environmental samples of mixed 
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microbial communities. This issue is illustrated by a case-study of the troublesome 
phylogenetic affiliation of isolates of the Bacillus cereus group isolated from the Zvezda 
Module, by using both culturing techniques as well as molecular methods. 
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Abstract 
 

Rapid on-site quantitative detection of hazardous bacteria present at solid surfaces 
by molecular methods such as quantitative real-time PCR (qrtPCR) requires fast and 
easy to use sampling and sample processing methods that efficiently recover bacterial 
DNA suitable for amplification. Accordingly, the efficiency of the used methods as a 
whole, including the preceding steps of sampling and sample processing, needs to be 
assessed in order to give a reliable estimate of the quantity of bacteria present. The 
efficiency to recover DNA of bacterial cells of the model organism Escherichia coli 
that were pre-applied and dried up on glass surfaces was determined for Dacron®, 
viscose, gauze and nylon flocked swab systems with qrtPCR. When used pre-
moistened, the median recovery efficiency of the different sampling systems ranged 
between 35 percent for gauze and 105 percent for the nylon flocked swab system, the 
latter displaying a large variance. When used dry, all four sampling systems showed 
median recovery efficiencies below 4 percent. Overall the pre-moistened nylon flocked 
swab system was found most suitable to selected criteria for the on-site quantitative 
recovery of bacterial DNA from solid surfaces in terms of rapidity and easiness of use, 
recovery efficiency, toxicity and storage and transport requirements. 

 
 

Introduction 
 

Molecular methods such as PCR have increasingly been used for the detection and 
quantification of microbial DNA in samples of various origins such as clinical settings, the 
food industry, water distribution systems, air-conditioning systems in modern buildings or 
advanced life-support systems such as manned spacecraft. These methods have several 
advantages over conventional culturing techniques such as rapidity, species detection range 
and diagnostic sensitivity and moreover, the use of conventional culturing techniques 
requires specialist expertise8,12. In addition, the culturing of hazardous microbes such as 
potential pathogens or so-called technophiles11 is often undesirable. In particular for use on-
site at locations where no specialized laboratory facilities are available such as disaster 
areas, field hospitals or manned spacecraft, bacterial detection and quantification methods 
are preferred that are fast and easy to use by non-specialists. 

Rapid and sensitive molecular methods such as quantitative real-time PCR (qrtPCR) 
have been extensively optimized, with a detection sensitivity of a few molecules per 
reaction8. In addition to its rapidity, the method of qrtPCR has the potential to be automated 
to facilitate easy use on-site by non-specialists. However, a large part of the detection 
process involves the steps of sampling and sample processing that precede the actual 
measurement, such as the used sampling system and DNA extraction method, respectively. 
Therefore, for a reliable estimate of the quantity of bacteria present at a location it is of 
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importance to assess the efficiencies of the used methods as a whole, including the pre-
measurement steps1,5,8. Moreover, methods with the highest efficiency would be preferred 
and the number of dilution steps should be kept to a minimum to increase sensitivity. 

The efficiency of a sampling system is determined by its capacity to uptake bacterial 
DNA and cells from a sampled surface and the subsequent release thereof in sample 
processing medium. A factor of influence to sampling efficiency is the type of swab that is 
used, which may concern the used swab tip material (e.g. cotton, rayon, polyester or 
calcium alginate), but also the mechanical force that can be applied to the tip due to the 
flexibility of the swab stick. Other factors may include the physical characteristics of the 
sampled surface or the characteristic binding properties of the microbial species that is 
sampled4,6,7,9,10. 

The objective of this study was to assess the suitability of four types of sampling 
systems to criteria that apply to on-site recovery of bacterial DNA from solid surfaces, i.e. 
speed and easiness of use, recovery efficiency, safety of the used materials and storage and 
transport requirements such as weight and volume. The sampling systems included 
Dacron® swabs, nylon flocked swabs, viscose swabs and gauze which were compared both 
pre-moistened and dry. Recovery efficiencies were determined by using qrtPCR to measure 
the recovered amount of DNA from glass surfaces of pre-applied and dried-up bacterial 
cells. To minimize the contribution of DNA extraction to the total recovery efficiency, an 
easily lysable Gram-negative potential pathogen, Escherichia coli, was chosen as a model 
organism. 
 
 
Materials and methods 
 
Cultivation of bacterial cells 

E. coli ATCC 11775T cells were inoculated in fourfold into 9 ml Brain Heart Infusion 
(BHI) (Mediaproducts BV, Groningen, The Netherlands) and cultivated overnight at 37°C 
to an approximate concentration of 108 to 109 cells ml-1. Of each culture, cells were washed 
twice by centrifugation of 1 ml cell suspension for 10 min at 16100 × g, removal of the 
supernatant and resuspension of the pellet in 1 ml sterile physiological salt solution (0.85% 
NaCl, Mediaproducts BV, Groningen, The Netherlands). After the first washing step, each 
cell suspension was diluted to the maximum cell concentration that would still be 
efficiently extracted according to the instructions of the manufacturer of the FTA® Elute 
DNA extraction method. During the remainder of the procedure, the suspensions were kept 
on ice to minimize cell growth and lysis. 

 
Sampling systems 

The following sampling systems were studied for the selected criteria. Type one 
(Dacron® swab system, Fig. 1A) is custom made, consisting of a Swab Rinse Kit (927C 
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SRK) tube without medium containing a Dacron® applicator  (Copan Italia S. p. A. 
Diagnostics Inc., Brescia, Italy). The tube consists of low density medical grade 
polypropylene (LDPP), whilst the screw cap is made of high density polyethylene (HDPE). 
The stick is made of anti-shock non-toxic thermal resistant polystyrene (PS) with a Dacron® 
fiber tip of 15 mm length. The total length of cap and tube is 103 mm with a diameter of 21 
mm. For attachment of the components, a non-toxic vinyl glue was used. The tubes were 
sterilized by ionizing irradiation.  

The second type (Flocked swab system, Fig. 1B) is custom made and consists of a Mini 
UTM tube (350C) without medium containing an applicator with flocked nylon fiber tip 
(502CS01) for clinical sample collection (Copan Italia S. p. A. Diagnostics Inc.). The tube 
is made of LDPP and the screw cap of HDPE. The total length of cap and tube is 83 mm 
and width 17 mm. The stick is made of PS, with a polyamide tip of 15 mm length. The fiber 
tip is manufactured using spray-on nylon fiber technology (flocking process). A non-toxic 
vinyl glue was used to attach the components. The tubes were sterilized by ionizing 
irradiation. 

Type three (Viscose swab system, Fig. 1C) is a commercially available sampling system 
developed for the transport of live bacteria. It consists of a sterile Venturi Hour tube made 
of non-breakable polypropylene, containing a non-toxic expanded polyurethane sponge 
wetted with Amies liquid medium to keep bacteria alive and a PS swab stick with a viscose 
(rayon) tip (140C) (Copan Italia S. p. A. Diagnostics Inc.). The total length of cap and tube 
is 175 mm with a diameter of 12 mm. The tubes were sterilized by ionizing irradiation. In 
this study, the viscose swab system was used without the pre-supplied sponge and medium. 

The fourth type of sampling system is gauze, which is being used for general wound 
treatment but also as swabs and dressings during interventions in the outpatient department 
and on the ward. In hospital settings such as operation rooms it is commonly used for the 
sampling of microbes. Commercially available Medicomp® (Hartmann International, 
Heidenheim, Germany [http://en.hartmann.info/]) consists of a sterile non-woven swab with 
a gauze-like structure. The fibers consist of 70% viscose and 30% polyester. The swab is 
free of binding agents and optical brighteners, soft and permeable to air. In this study, 
pieces of approximately 2 cm2 were cut and folded to facilitate sampling. 

 
Comparison of sampling systems 

The experiments were performed using DNA-free laboratory techniques. For each of the 
four types of sampling systems two diagnostic printed glass microscope slides (8 well, 
10mm, XMZ-259L-CE24) (Thermo Fisher Scientific, Portsmouth, USA) were prepared as 
follows. To each well of a slide, an aliquot of 10 µl of one of each of the four cell 
suspensions of E. coli was applied, in duplicate (n=8). The slides were then left to dry at 
ambient conditions for 2 hours. Subsequently, each well of the first slide was sampled by 
wiping it with a clean dry swab whilst rotating the swab. The same was performed on the 



                                                                            Sampling system comparison 

 21 

second slide with swabs that were pre-moistened with 55 µl of sterile physiological salt 
solution. 
 

 
Figure 1. (A) Dacron® swab system, 927C SRK tube with a Dacron® swab tip. (B) Flocked swab system, Mini 
UTM tube with a nylon flocked swab tip. (C) Viscose swab system, 140C specimen collection system with a 
viscose swab tip. 

 
Cell material that contained the DNA was washed off of the swabs by transferring the 

swab into a 15 ml conical tube containing 0.9 ml Molecular Biology Water (AccuGENE®, 
Lonza Group Ltd, Basel, Switzerland) as sample processing medium and a few 4mm glass 
beads (Fisher Scientific Emergo B.V., Landsmeer, The Netherlands). All tubes were 
vortexed for 20 seconds, incubated at 4°C for 10 minutes and vortexed for another 10 
seconds. The resulting supernatant was regarded as sample. For the further duration of the 
sampling procedure, all tubes were kept at 4°C to prevent cell growth. 
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To monitor contamination during the procedure, negative control samples were 
prepared in duplicate, consisting of each type of swab that was pre-moistened with sterile 
physiological salt solution and processed in the same manner as the samples, but without 
the sampling of cell material. To serve as a reference (100%), 10 µl of each cell suspension 
was added directly to 0.9 ml of water in duplicate, without prior swabbing, and processed in 
the same manner as the samples. 

Samples and controls were subjected to DNA extraction after which qrtPCR was 
performed on the DNA solutions, as described below. 
 
Sample DNA extraction 

DNA was extracted with FTA® Elute paper (Whatman plc., Maidstone, UK) according 
to the instructions of the manufacturer. This included applying part of each sample, a 
recommended maximum input volume of 40 µl, to the paper. Of this applied sample 13.4 
part was punched out and subsequently eluted into a volume of 30 µl Molecular Biology 
Water (AccuGENE®, Lonza Group Ltd). 
 
QrtPCR methods 

A specific region of the genome of E. coli (uidA gene) was amplified by using a 
TaqMan PCR assay. Oligonucleotide primers and double-dye probe were obtained from 
Eurogentec S. A. (Seraing, Belgium). Primers UIDA-F (5’-
TGGTGATTACCGACGAAAAC-3’) and UIDA-R (5’-GCGTGGTTACAGTCTTGC-3’) 
were used to amplify a 145 bp fragment of the uidA gene2. The probe UIDA-Pr (5’-
GCCGGGATCCATCGCAGCGTAATGCTC-3’) was labeled on the 5’-end with 
carboxyfluorescein (FAM) and on the 3’-end with a 4-([4-
(dimethylamino)phenyl]azo)benzoic acid (DABCYL) quencher and hybridized in real-time 
with the PCR product2. The total volume in which qrtPCR reactions were performed was 30 
µl which consisted of 3 µl of target DNA and 27 µl of amplification mixture containing 
primers (end concentration 150 nmol l-1) and probe (end concentration 300 nmol l-1), PCR 
Reaction Buffer (Smart™ Kit No ROX, Eurogentec S. A.) and Molecular Biology Water 
(Lonza Group Ltd). The Smart™ Kit PCR reagents contained uracil-N-glycosylase to 
prevent carry-over contamination and HotGoldStar DNA polymerase. Amplification and 
real-time detection were carried out on a Smart Cycler® System (Cepheid, Sunnyvale, 
USA) with a profile of 50°C for 2 min to activate uracil-N-glycosylase, 95°C for 10 min to 
activate HotGoldStar DNA polymerase, followed by 45 cycles of 95°C for 15 s and 60°C 
for 60 s.  

Negative controls for the qrtPCR assay were performed in duplicate by running 
reactions without the addition of template DNA. 

 
Generation of qrtPCR standards with bacterial genomic DNA 
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Bacterial cells were cultivated as described above. To obtain a sufficient amount of 
relatively good quality DNA, the commonly used commercially available QIAamp® DNA 
Mini Kit (QIAGEN GmbH, Hilden, Germany) was used to extract DNA from the cells 
according to the instructions of the manufacturer. Ethanol precipitation was used to remove 
contaminants such as PCR inhibiting substances from the DNA solution. The DNA purity 
and concentration was assessed with a NanoDrop® ND-1000 Spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). A standard curve of mean qrtPCR 
threshold cycle (Ct) values was prepared with triplicate replicates of serial dilutions (30 ng, 
3 ng, 300 pg, 30 pg, 3 pg, 300 fg and 30 fg per reaction) of two unique DNA solutions 
(n=6). The amount of bacterial DNA in samples was estimated by qrtPCR under identical 
PCR conditions with this standard curve. 

 
Statistical analysis 

The quantification limit per qrtPCR reaction was determined as the lowest concentration 
on the linear part of the standard curve at which 7 out of 9 reactions or more gave a positive 
result. The quantification limit was used as the cut-off level or, instead of this, the value of 
a negative control in case it had a positive result. In case a Ct of zero (negative result) or 
above the mean Ct (+ s.d.) of the quantification limit was measured, a Ct equal to the mean 
Ct (+ s.d.) of the quantification limit was assumed for data analysis.  

The experiments were performed on four separate cultures in duplicate (n=8). The 
percentage of recovery efficiency was determined by the measured amount of DNA in each 
sample as compared to the mean of its corresponding reference (100%). Statistical and 
graphical analyses were performed by using SPSS (v16.0 for Windows, SPSS Inc. 
[http://www.spss.com/]) and Microsoft® Office Excel 2003 (Microsoft Corporation 
[http://office.microsoft.com/]) software, respectively. Within each sampling system, 
recovery efficiencies amongst samples were compared by Kruskal-Wallis analysis. 
Friedman analysis with additional Bonferroni-protected contrasts was performed to 
compare sampling systems. Differences were considered statistically significant when P 
values were less than 0.05 (two-sided), resulting in 0.05/(number of contrasts performed) 
after Bonferroni correction.  
 
 
Results 
 

Table 1 shows the mean amounts of E. coli DNA recovered by four sampling systems 
and those of the corresponding reference suspensions (100%) as estimated with the qrtPCR 
standard curve (Supplementary Fig. 3, page 79). Assuming a bacterial genome of ~5 fg, the 
amount of DNA correlates with the number of bacteria. The qrtPCR cut-off level was 
determined at 30 fg of the standard. Within each sampling system, no significant 
differences were found in recovery efficiencies amongst samples by Kruskal-Wallis 
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analysis. For all four sampling systems, dry sampling resulted in efficiencies below 4.0 
percent. Fig. 2 gives an overview of the median recovery efficiencies of E. coli DNA of the 
four pre-moistened sampling systems. The flocked swab system performed with the highest 
median recovery efficiency of 105.3 percent, but also showed the largest variance. The 
gauze system performed with the lowest median recovery efficiency of 35.2 percent. 
Friedman analysis however showed no significant difference (P=0.058) amongst the four 
pre-moistened sampling systems. 

 
Table 1. DNA recovered by four sampling systems of E. coli cells that were pre-applied to 1 cm2 glass 
surfaces and dried up for two hours and that of the corresponding reference suspensions (100%). Presented 
are mean levels of DNA (n=2) determined per 0.9 ml of sample for four cultures (A-D) with single qrtPCR 
reactions. 
  DNA (fg ± s.d.) 
Culture  A B C D 
Reference suspension  2.56 (±1.67) × 106 5.18 (±0.54) ×106 2.87 (±0.30) × 106 3.22 (±0.02) × 106 

Dacron® swab system D 1.28 (±0.27) × 105 1.33 (±0.59) × 105 1.57 (±0.74) × 105 7.21(±5.75) × 104 
 M 9.68 (±3.77) × 105 2.80 (±0.03) × 106 2.80 (±1.22) × 106 1.88 (±0.25) × 106 
Flocked swab system D 2.04 (±1.13) × 104 1.17 (±0.31) × 105 5.12 (±2.52) × 104 9.00 (±8.99) × 104 
 M 1.82 (±1.06) × 106 4.37 (±1.91) × 106 4.93 (±0.75) × 106 4.59 (±3.74) × 106 
Viscose swab system D 1.14 (±0.07) × 105 1.26 (±1.30) × 105 BC 7.52 (±8.87) × 104 
 M 2.15 (±0.31) × 106 1.76 (±0.03) × 106 1.93 (±0.15) × 106 3.38 (±0.59) × 106 
Gauze D 7.02 (±0.80) × 104 1.95 (±2.11) × 105 9.24 (±9.08) × 104 9.95 (±6.36) × 104 
 M 2.05 (±1.76) × 106 1.75 (±0.46) × 106 1.48 (±0.50) × 106 9.00 (±0.00) × 105 
Abbreviations: D, dry; M, pre-moistened with physiological salt solution; BC, below cut-off level. 

 
 

Discussion 
 

The importance of the steps of sampling and sample processing preceding the use of  
molecular methods such as qrtPCR for the detection and quantification of microbes was 
previously emphasized by several authors1,5,8. Furthermore, when comparing 
previousresearch, it should be noted that the sampling of bacterial cell material with DNA 
is likely to involve sampling kinetics different from that of viable cells or spores, and as 
such may possibly result in a different recovery efficiency. To this purpose, we compared 
the suitability of four different sampling systems to the on-site recovery of bacterial DNA 
from solid surfaces. 

Differences in DNA recovery efficiency between the four pre-moistened sampling 
systems were not significant, possibly due to large variances. The flocked swab system 
performed with the highest median recovery efficiency of 105.3 percent, however also 
showed the largest variance (Fig. 2). Flocked swabs, which consist of nylon fibers attached 
to a polystyrene applicator using spray-on technology, possess unique fluid dynamic 
properties and were previously shown to enhance the ability of three commercial nucleic 
acid amplification tests3. In addition, improved recovery efficiency of flocked swabs as 
compared to traditional rayon swabs was previously described for the sampling of viable 
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cells6. A factor of influence to the reproducibility of recovery efficiency may include swab 
stick flexibility, as demonstrated by the smaller variance of the results with the relatively 
rigid stick of the Dacron® swab system (Fig. 2). In contrast, the gauze system performed 
with the lowest median recovery efficiency of 35.2 percent. The latter can be explained by 
difficulties encountered with suspending the contents of the gauze swab into the sample 
processing medium due to its physical properties. As described before, the release of 
sampled cells, cell debris or spores from a sampling device into sample processing medium 
might be hampered by entrapment in the swab matrix7. 

 

 
Figure 2. Overview of the median efficiencies (n=8) of four different pre-moistened sampling systems to 
recover E. coli DNA from 1 cm2 glass surfaces. Horizontal bars indicate the median and quartiles. Abbreviations: 
DS, Dacron® swab system; FS, flocked swab system; VS, viscose swab system; GA, gauze swab system. 

 
The results of this study show the importance of the use of moist swabs for the recovery 

of bacterial DNA from solid surfaces, as was previously demonstrated for bacterial 
spores10. When used dry, all four sampling systems recovered DNA from glass surfaces 
with median recovery efficiencies below 4 percent, in contrast to the same systems when 
pre-moistened. 

All four studied sampling systems were fast and easy to use and consist of relatively 
safe materials. For the gauze swab however, extra precautions need to be taken to prevent 
contamination by handling during the sampling procedure. Concerning storage and 
transport requirements, all sampling systems are low in volume and weight. 

In combination with the used molecular method such as qrtPCR, the preceding steps of 
sampling and sample processing contribute for an important part to the efficiency and 
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reproducibility of the quantification of microbial DNA. Of four compared sampling 
systems, we found the nylon flocked swab system the most suitable for on-site recovery of 
bacterial DNA from solid surfaces. Differences in recovery efficiency between compared 
sampling systems however were not significant, most likely due to large variances. The 
results of this study demonstrate that sampling is a critical yet crude key step in the 
quantification of bacterial contamination. 
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Abstract 

 
The development of fast and easy on-site molecular detection and quantification 

methods for hazardous microbes on solid surfaces is desirable for several applications 
where specialised laboratory facilities are absent. The quantification of bacterial 
contamination necessitates the assessment of the efficiency of the used methodology as 
a whole, including the preceding steps of sampling and sample processing. We used 
quantitative real-time polymerase chain reaction (qrtPCR) for Escherichia coli and 
Staphylococcus aureus to measure the recovery of DNA from defined numbers of 
bacterial cells that were subjected to three different DNA extraction methods: the 
QIAamp® DNA Mini Kit, Reischl et al.’s method and FTA® Elute. FTA® Elute 
significantly showed the highest median DNA extraction efficiency of 76.9% for E. coli 
and 108.9% for S. aureus. The  Reischl et al. method and QIAamp® DNA Mini Kit 
inhibited the E. coli qrtPCR assay with a 10-fold decrease of detectable DNA. None of 
the methods inhibited the S. aureus qrtPCR assay. The FTA® Elute applicability was 
demonstrated with swab samples taken from the International Space Station (ISS) 
interior. Overall, the FTA® Elute method was found to be the most suitable to selected 
criteria in terms of rapidity, easiness of use, DNA extraction efficiency, toxicity and 
transport and storage conditions. 
 
 
Introduction 
 

The detection and quantification of microbes present on solid surfaces plays an 
important role in clinical settings, the food industry, drinking water distribution systems, 
air-conditioning systems in modern buildings or advanced life-support systems, such as 
manned spacecraft. Detection and quantification by conventional culturing techniques, 
however, is labourious, lengthy, requires specialist expertise, has poor diagnostic sensitivity 
and, in addition, many bacteria such as Faecalibacterium prausnitzii are difficult to culture 
or uncultivable, which hampers their detection35. Moreover, the culturing of hazardous 
microbes such as pathogens and so-called “technophiles” may often be undesirable32. 
Especially in remote locations such as field hospitals, disaster areas or manned spacecraft, 
where specialised laboratory facilities and technical personnel are not available, this results 
in the need for fast and easy methodologies that can be used on-site by non-specialists. 
Accordingly, molecular methods have increasingly been used for the detection and 
quantification of hazardous microbes, overcoming many of the disadvantages encountered 
by culturing9. 

Quantitative real-time polymerase chain reaction (qrtPCR) is a cultivation-independent 
method for the rapid molecular detection and quantification of nucleic acid sequences9. The 
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method has a high specificity with a detection sensitivity of a few molecules per reaction 
and the potential to be automated and miniaturised for use on-site by non-specialists. 
Moreover, for a reliable quantification of bacterial contamination, it is important to assess 
the efficiency of the used methods as a whole, including both the molecular detection 
method as well as the preceding steps of sampling and sample processing2,5,9. In addition, 
for increased sensitivity, methods with the highest possible efficiency should be utilised and 
the dilution factor in all steps of sampling and sample processing kept to a minimum. 

Sample processing for use with qrtPCR involves cell lysis and the subsequent recovery 
of DNA free of amplification inhibitors. Factors that play a role in the efficiency of 
bacterial cell lysis may be physiological characteristics of the species such as the 
constitution of the cell wall, the physiological state which the cell is in or cell 
concentration6,17,24. As a consequence, most DNA extraction methods are optimal for just 
one or a group of bacterial species24. Ideally, for applications where it is essential to 
measure the levels of a variety of hazardous species, such as in a natural environment, a 
universal DNA extraction method would be preferred that is optimal for all bacterial 
species. 

The aim of this study was to select and validate a suitable DNA extraction method for 
the recovery of DNA from the potential pathogens Escherichia coli and Staphylococcus 
aureus to be used in qrtPCR. These species were used as model organisms, as the Gram-
negative bacterium E. coli lyses differently compared to the Gram-positive bacterium S. 
aureus due to a different constitution of its cell wall. In particular for use on-site with 
samples taken from solid surfaces, we sought to select a fast and easy-to-use DNA 
extraction method that has a high efficiency, is universally effective for bacterial species, 
makes use of non-toxic chemicals and has little or no transport or storage requirements.  
 
 
Materials and Methods 
 
Cultivation of bacterial cells 

S. aureus subsp. aureus ATCC 25923 and E. coli ATCC 11775T cells were each 
inoculated into 9 ml Brain Heart Infusion (BHI) (Mediaproducts BV, Groningen, The 
Netherlands) and grown overnight at 37°C. From each culture, cells were washed twice by 
centrifugation of 1 ml of cell suspension for 10 min at 16,100g, removal of the supernatant 
and resuspension of the pellet in 1 ml of sterile physiological salt solution (0.85% NaCl, 
Mediaproducts BV, Groningen, The Netherlands). The suspensions were kept on ice during 
the remainder of the procedure to minimise cell growth and lysis. 

 
DNA extraction methods description 

With the commonly used QIAamp® DNA Mini Kit (QIAGEN GmbH, Hilden, 
Germany), total DNA can be purified from a variety of biological, clinical and forensic 



Chapter 3                                                                                                        _ 

 32 

specimens. The method uses chemical lysis by undisclosed lysis buffers containing 
chaotropic salt, enzymatic digestion by treatment with proteinase K and thermal lysis. The 
method uses a separate protocol for Gram-positive bacteria, with the additional use of 
enzymatic digestion by lysozyme or lysostaphin with Triton. DNA is bound to a silica-gel 
membrane in a spin-column, whilst PCR inhibitors are, supposedly, not retained. The 
bound DNA is then washed, eluted in buffer and can then be stored at -20°C. 

The simple boiling procedure developed by Reischl et al. involves chemical lysis in 
combination with thermal lysis and has been used for the extraction of S. aureus total 
DNA25. The concentrated lysis buffer (10×) contains 10% Triton X-100, 5% Tween 20, 100 
mmol l-1 Tris-HCl (pH 8.0) and 10 mmol l-1 EDTA. 

The FTA® Elute method (Whatman plc., Maidstone, UK) was developed for room-
temperature collection, transport, storage and isolation of nucleic acids from a wide variety 
of biological, clinical and forensic sample types. The method uses chemical lysis by a 
cellulose paper matrix treated with proprietary reagents that lyses cells and denatures 
proteins upon contact, causing the release and subsequent entrapment of nucleic acids in the 
fibres of the matrix. The paper rapidly inactivates organisms, decreasing the risk of 
contamination for the individuals handling the sample. Sample volume requirements are 
minimal, approximately 12-40 µl per collection area. After drying, the samples can be 
stored for many years. DNA is recovered from the FTA® Elute matrix through a simple hot 
water elution procedure. Inhibitory components are supposedly retained on the FTA® Elute 
matrix or disposed of during a short washing step. 

 
DNA extraction method comparison 

The experiments were performed using DNA-free laboratory techniques. The cells in 
both E. coli and  S. aureus suspensions were enumerated by 4’,6-diamidino-2-phenylindole 
(DAPI) staining and subsequent visual cell counting with an Olympus BH2 epifluorescence 
microscope by the method as described previously12, with the exception that the cells were 
not fixed by paraformaldehyde. The enumerations were performed in duplicate and 
averaged. Subsequently, the cell suspensions were serially diluted in sterile physiological 
salt solution and divided into aliquots of 5.3 × 105, 5.3 × 104, 5.3 × 103, 5.3 × 102 and 5.3 × 
101 cells. 

The volumes of the aliquots were adjusted with sterile physiological salt solution to suit 
the recommended input volume for each DNA extraction method, after which DNA was 
extracted in quadruplicate according to the instructions of the authors and manufacturers 
and subjected to qrtPCR as described below. 

To monitor contamination during the procedure, negative (extraction) controls were 
prepared consisting of physiological salt solution processed through each DNA extraction 
method. PCR inhibition was determined by adding a template of 1 ng of the qrtPCR 
standard DNA, prepared as described below, together with either 2 µl of an extraction 
control or 2 µl Molecular Biology Water to triplicate reactions. PCR inhibition will cause a 
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shift of the threshold cycle (Ct) to a higher cycle number compared to the standard 
(Supplementary Fig. 2, page 78; Supplementary Fig. 3, page79). Positive controls were 
performed by adding a template of 100 fg of the standard together with 2 µl Molecular 
Biology Water to reactions in triplicate. 

 
DNA extraction of swab samples taken from the International Space Station interior using 
the FTA® Elute method 

To demonstrate the applicability of the FTA® Elute method for the analysis of surface 
samples, DNA was extracted with this method from triplicate swab samples taken from the 
interior of the International Space Station (ISS) as part of the “SAMPLE” experiments, 
which were previously described by van Tongeren et al. in 200732. The DNA contents were 
subsequently quantified with the qrtPCR assays of S. aureus and E. coli as described below. 
 
Quantitative real-time PCR methods 

Two TaqMan PCR assays were used to amplify specific regions of the genomes of S. 
aureus and E. coli. Oligonucleotide primers and double-dye probes were obtained from 
Eurogentec S.A. (Seraing, Belgium). Primers SauV58 (5’-
GCTGTGATGGGGAGAAGACAT-3’) and SauR54b (5’-
CGGTACGGGCACCTATTTTC-3’) were used to amplify a 90-bp fragment of the 23S 
rRNA gene of S. aureus17. Primers UIDA-F (5’-TGGTGATTACCGACGAAAAC-3’) and 
UIDA-R (5’-GCGTGGTTACAGTCTTGC-3’) were used to amplify a 145-bp fragment of 
the uidA gene of E. coli3. Probes Sta59bTQ (5’-
AGAGGCTTTTCTCGGCAGTGTGAAATCAACGA-3’) and UIDA-Pr (5’-
GCCGGGATCCATCGCAGCGTAATGCTC-3’) were hybridised in real-time with the 
PCR product of S. aureus and E. coli, respectively3,17. The probes were labelled with 
carboxyfluorescein (FAM) on the 5’-end and a 4-([4-(dimethylamino)phenyl]azo)benzoic 
acid (DABCYL) quencher on the 3’-end. All qrtPCR reactions were performed in a total 
volume of 30 µl, consisting of 3 µl of target DNA and 27 µl of amplification mixture 
containing PCR Reaction Buffer (Smart™ Kit No ROX, Eurogentec S.A.), primers, probe 
and Molecular Biology Water (AccuGENE®, Lonza Group Ltd,  Basel, Switzerland). The 
Smart™ Kit PCR reagents contained HotGoldStar DNA polymerase and uracil-N-
glycosylase to prevent carry-over contamination. The end concentration of each primer was 
150 nmol l-1, of the Sta59bTQ probe 80 nmol l-1 and of the UIDA-Pr probe 300 nmol l-1. 
Amplification and detection were carried out on a Smart Cycler® System (Cepheid, 
Sunnyvale, CA, USA) with a profile of 50°C for 2 min to activate uracil-N-glycosylase, 
95°C for 10 min to activate HotGoldStar DNA polymerase, followed by 45 cycles of 95°C 
for 15 s and 60°C for 60 s. 

Negative controls for each qrtPCR assay were performed by running reactions without 
the addition of template DNA. 

 



Chapter 3                                                                                                        _ 

 34 

Generation of qrtPCR standards with bacterial genomic DNA 
Cells were cultivated as described above. To obtain a sufficient amount of relatively 

good quality DNA, the commonly used QIAamp® DNA Mini Kit was used to extract DNA 
from the cells according to the instructions of the manufacturer. The procedure was 
followed by ethanol precipitation to purify the DNA solution from contaminants such as 
PCR-inhibiting substances. The DNA purity and concentration was determined with a 
NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
USA). A standard curve of mean qrtPCR Ct values was prepared with triplicate replicates 
of serial dilutions of bacterial genomic DNA (three series of 10 ng, 1 ng, 100 pg, 10 pg, 1 
pg, 100 fg and 10 fg for S. aureus subsp. aureus ATCC 25923 and two series of 30 ng, 3 
ng, 300 pg, 30 pg, 3 pg, 300 fg and 30 fg for E. coli ATCC 11775T, respectively). The 
amount of bacterial DNA in samples that were subjected to the various DNA extraction 
methods was estimated by qrtPCR with this curve under identical PCR conditions. 
 
Statistical analysis 

The quantification limit was determined for each qrtPCR assay as the lowest 
concentration on the linear part of the standard curve at which 7 out of 9 reactions or more 
gave a positive result. The quantification limit was used as the cut-off level or, instead of 
this, the value of a negative control in case it had a positive result. In case a Ct of zero 
(negative result) or above the mean Ct (+ 1 s.d.) of the quantification limit was measured, a 
Ct equal to the mean Ct (+ 1 s.d.) of the quantification limit was assumed for data analysis.  

DNA extractions were performed in quadruplicate. The efficiency of DNA extraction 
was determined by the measured amount of bacterial DNA in each sample as compared to 
the estimated amount of bacterial DNA before DNA extraction as a reference (100%). The 
reference was estimated by microscopic cell counting and assuming a chromosomal weight 
calculated from the chromosome length and GC content of approximately 3.0 fg for S. 
aureus and 5.7 fg for E. coli, respectively. Within each DNA extraction method, the 
efficiencies of extraction amongst different cell amounts were compared by Kruskal-Wallis 
analysis. Friedman analysis with additional Bonferroni-protected contrasts was performed 
to compare DNA extraction methods amongst each species. Differences were considered to 
be statistically significant when p-values were less than 0.05 (two-sided), resulting in 
0.05/(number of contrasts performed) after Bonferroni correction. Statistical and graphical 
analyses were performed by using SPSS (version 16.0 for Windows, SPSS Inc., 
http://www.spss.com/) and Microsoft® Office Excel 2003 (Microsoft Corporation, 
http://office.microsoft.com/) software, respectively. 
 
 
Results 
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The processing time for 42 samples was 40 min for the Reischl et al. method, 110 min 
for FTA® Elute and 5 h 30 min for the QIAamp® DNA Mini Kit. These processing times 
did not include the preparation of the solutions. 

The sample input volumes were 90 µl for the Reischl et al. method, 40 µl for the FTA® 
Elute paper and 180 µl for the QIAamp® DNA Mini Kit. The output volumes for the 
samples were 100 µl for the Reischl et al. method, approximately 13.4 aliquots of 30 µl for 
the FTA® Elute paper and 100 µl for the QIAamp® DNA Mini Kit.  

The concentration of the E. coli cell suspension was determined in duplicate at 1.09 × 
107 cells 0.01ml-1 (cumulating variation coefficient [CVC]=10.52) and 9.51 × 106 cells 
0.01ml-1 (CVC= 9.76), with a mean of 1.02 × 109 cells ml-1. In addition, the concentration 
of the S. aureus cell suspension was determined in duplicate at 3.47 × 107 cells 0.01ml-1  
(CVC=9.43) and 3.23 × 107 cells 0.01ml-1 (CVC=10.72), with a mean of 3.35 × 109 cells 
ml-1.  

QrtPCR standard curves with E and R2 values that were determined for E. coli and S. 
aureus are presented in Supplementary Fig. 2 (page 78) and Supplementary Fig. 3 (page 
79) . The qrtPCR quantification limit was determined at 30 fg of the standard for E. coli and 
at 10 fg of the standard for S. aureus, respectively. Subsequently, when assuming a Ct equal 
to the mean Ct (+ 1 s.d.) of the qrtPCR quantification limit, extrapolated limits of 
quantification per extraction could be determined for E. coli to be 552 fg DNA for FTA® 
Elute and 137 fg DNA for the Reischl et al. method and QIAamp® DNA Mini Kit. For S. 
aureus, extrapolated limits of quantification per extraction were determined at 961 fg DNA 
for FTA® Elute and 238 fg DNA for the Reischl et al. method and QIAamp® DNA Mini 
Kit.  

Fig. 1A, B shows the median DNA levels measured per cell amount after extraction, 
their corresponding reference and the extrapolated limits of quantification for each DNA 
extraction method. 

The median efficiencies of DNA extraction of different cell amounts calculated for each 
DNA extraction method are presented in Table 1. Within each method, no significant 
differences were observed by the Kruskal-Wallis analysis amongst the efficiencies of DNA 
extraction of different cell amounts. Fig. 2A, B gives an overview of the median efficiency 
of DNA extraction of the 5.3 × 105, 5.3 × 104 and 5.3 × 103 cell amounts for each method. 
p-values of p≤0.017 were considered to be statistically significant for the performed three 
contrasts after Bonferroni correction. The experiments show that, for E. coli ATCC 11775T, 
the FTA® Elute paper had the highest median DNA extraction efficiency of 76.9%, 
followed by the Reischl et al. method with 43.7%. The QIAamp® DNA Mini Kit had the 
significantly lowest median DNA extraction efficiency of 7.7% as compared to FTA® Elute 
(P=0.001) and the Reischl et al. method (P=0.004). For S. aureus subsp. aureus ATCC 
25923, the FTA® Elute paper and QIAamp® DNA Mini Kit performed with similar 
efficiencies of 108.9 and 97.7%, respectively. The efficiency of the Reischl et al. protocol 
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Figure 1. DNA levels extracted by three methods with varying amounts of cells. Median DNA levels as 
determined by qrtPCR resulting from quadruplicate extractions (n=4) of different amounts of cells of (A) E. coli 
ATCC 11775T and (B) S. aureus subsp. aureus ATCC 25923. Extractions were performed by three different DNA 
extraction methods: FTA® Elute, the Reischl et al. method and QIAamp® DNA Mini Kit. The error bars indicate 
minimum and maximum values. Extrapolated quantification limits of the methods are represented by dotted lines: 
---, FTA® Elute; ─ ─ ─, Reischl et al. and QIAamp® DNA Mini Kit. 
 

2

3

4

5

6

7

5,3E+05 5,3E+04 5,3E+03 5,3E+02 5,3E+01

Number of cells

D
N

A 
(lo

g 
fg

)

2

3

4

5

6

7

5,4E+05 5,4E+04 5,4E+03 5,4E+02 5,4E+01

Number of cells

D
N

A
 (l

og
 fg

)

Reference

FTA Elute

Reischl

QIAamp DNA Mini Kit

A 

B 



                                          Comparison of bacterial DNA extraction methods 

 37 

was significantly lower with 9.0% as compared to the QIAamp® DNA Mini Kit (P=0.001) 
and FTA® Elute paper (P=0.001). 

 
Table 1. Efficiencies of DNA extraction of different amounts of cells of E. coli ATCC 11775T and S. aureus 
subsp. aureus ATCC 25923 by three different methods: FTA® Elute, the Reischl et al. method and QIAamp® 
DNA Mini Kit. 
Number of cells 5.3 × 105 5.3 × 104 5.3 × 103 5.3 × 102 5.3 × 101 
  Median % (n=4) 
E. coli ATCC 11775T FTA® Elute 40.5 84.8 96.3 BCd BCd 

 Reischl et al. 48.9 59.6 24.5 BCb ND 
 QIAamp® DNA Mini Kit 4.6 32.3 13.5 BCb BCc 

S. aureus subsp. aureus 
ATCC 25923 

FTA® Elute 112.6 94.9 119.4 BCb BCc 

 Reischl et al. 10.2 8.8 8.5 BCb BCa 

 QIAamp® DNA Mini Kit 69.4 117.0 97.7 149.9 BCa 

ND, not detected; BC, below cut-off level, i.e. not all of the reactions were positive and quantifiable 
aFour, bthree,  ctwo and done of four reactions produced a positive result 
 

The level of PCR inhibition of the DNA extraction methods on the E. coli qrtPCR assay 
is presented in Fig. 3. The results show that, compared to added water to 1 ng of the qrtPCR 
standard DNA, both the added extraction controls of the Reischl et al. method and 
QIAamp® DNA Mini Kit caused a shift towards a higher Ct, indicating an inhibitory effect, 
in contrast to the extraction control of the FTA® Elute method. No inhibitory effects were 
noticeable on the S. aureus qrtPCR assay (data not shown). 
The applicability of the FTA® Elute method was examined by extracting DNA with this 
method from swab samples taken from the interior of the ISS. For S. aureus, a potential 
pathogen commonly found on the human skin, a location associated with human contact 
was positive with a mean of 4.50±0.21 log fg DNA (~3.16 × 104 fg). Calculated from the 
chromosomal weight, this amount of DNA would correspond with ~1.05 × 104 S. aureus 
cells per sample. Sampling in the toilet area was positive for E. coli, with a mean of 
4.50±0.33 log fg DNA (~3.18 × 104 fg), as can be expected, since the potential pathogen E. 
coli is a common inhabitant of the human gut. This amount of DNA would correspond with 
~5.58 × 103 E. coli cells per sample. In contrast, the mean S. aureus and E. coli DNA 
content from a location between wall panels was below the cut-off level. 
 
 
Discussion 
 

Molecular methods have increasingly been used for the detection and quantification of 
hazardous microbes. Moreover, the need for a rapid and easy-to-use on-site molecular 
detection and quantification method is imperative. An equally important step in nucleic-
acid-based quantification of bacteria is the part of sample processing preceding the actual 
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measurement, as has previously been mentioned2,5,9. The results of this study confirm that 
DNA extraction is a key step in this process. 
 

 

 
Figure 2. DNA extraction efficiencies of the three methods. Percentage of DNA extraction efficiency (n=12) of 
FTA® Elute, the Reischl et al. method and QIAamp® DNA Mini Kit for (A) E. coli ATCC 11775T and (B) S. 
aureus subsp. aureus ATCC 25923. The horizontal bars show the median and quartiles. 

A 

B 
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Figure 3. Inhibition of the E. coli uidA qrtPCR assay. The mean levels of DNA were determined with qrtPCR 
by adding a template of 1 ng of the standard together with either water or an extraction control of one of the three 
following DNA extraction methods to triplicate reactions (n=3): FTA® Elute, the Reischl et al. method and 
QIAamp® DNA Mini Kit. The dashed line represents part of the standard curve. 
 

Several strategies can be used for the extraction of DNA from microbial samples, such 
as enzymatic, chemical or thermal lysis, mechanical disruption of the cell wall by beads or 
sonication, or a combination of the above24,25. A disadvantage of enzymatic lysis is that 
commercially available enzymes can be contaminated with microbial DNA. Highly 
sensitive and specific nucleic-acid-based methods for the detection of bacteria necessitate 
the use of DNA extraction reagents that are free from contaminating bacterial nucleic acids. 
In addition, the use of enzymes often requires special conditions and preservation 
requirements, such as refrigeration and buffer storage. Chemical lysis often involves the 
usage of aggressive and toxic chemicals, which is less desirable for on-site detection where 
laboratory safety conditions are absent. A disadvantage for the application on-site to 
thermal lysis, mechanical disruption by beads, or methods that use centrifugation is that the 
required equipment generally takes up a lot of weight and volume. 

We selected to study three different DNA extraction methods to meet criteria for use on-
site with qrtPCR on samples taken from solid surfaces, such as processing time, easiness of 
use, efficiency, range of bacterial species that it is effective for, chemical toxicity and 
transport and storage requirements, which will be discussed below. 

In our study, both the Reischl et al. protocol and FTA® Elute were, indeed, fast and easy 
to use by single-step isolation procedures and processing times of 40 and 110 min for 42 
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samples, respectively. DNA extraction methods with comparable processing times have 
been reported previously4,7,9,13.  

Overall, FTA® Elute paper significantly had the highest efficiency to recover DNA from 
E. coli ATCC11755T and S. aureus subsp. aureus ATCC 25923 compared to the other two 
methods. As shown by the results, the measured amount of DNA in some cases exceeded 
that of the reference, which was estimated by the ‘gold standard’ of microscopic cell 
counting, resulting in percentages above 100 percent. An underestimation of the amount of 
chromosomal DNA by microscopic cell counting can easily occur due to factors such as 
cell clumping, cell division or cell lysis. 

DNA extraction efficiency is limited by several factors. An important factor is cell 
concentration, which can be a delimiting factor for quantification of natural samples where 
cell concentrations will vary. At low concentrations, method sensitivity will play a role and 
at high concentrations, overloading of the method can reduce DNA extraction efficiency. 
For FTA® Elute, problems can arise for certain harder-to-lyse species at concentrations 
above 107 cells ml-1 and overloading of the column of the QIAamp® DNA Mini Kit may 
lead to significantly lower yields than expected, according to the manufacturer’s 
instructions. A second factor is the type of bacterial species that is being subjected to the 
extraction. For instance, the constitution of the bacterial cell wall may impede cell lysis and 
the liberation of DNA from the cell. A third factor may be the physiological state of the 
cells that are subjected to cell lysis17, in which context it can be noted that the cells used in 
the present  study were of liquid cultures in stationary phase. Another factor that may 
influence the outcome of quantification is the size of the DNA fragments generated by a 
specific method24. Long fragment sizes generated by the DNA extraction method may 
result in incomplete denaturation during the thermal cycling of qrtPCR, whilst, on the other 
hand, short fragment sizes may result in reduced amplification efficiency. 

The QIAamp® DNA Mini Kit was developed and commonly used for a variety of 
bacterial species1,8,11,15,16,19,21,31,33,34. The FTA technology concept, including FTA® Elute, 
was also developed for use with a broad spectrum of bacterial species14,20,23. To our 
knowledge, the use of FTA® Elute for quantitative bacterial applications has not been 
assessed to date. The protocol by Reischl et al. was previously used for S. aureus; however, 
the main constituents and boiling procedure of the method have also been used for other 
species18,25-30,34. However, as confirmed by our results, it must be taken into account that 
inter-species and even intra-species differences in DNA extraction efficiencies will exist, 
influencing the outcome of microbial quantification6,24,36. Furthermore, in contrast to FTA® 
Elute, both the Reischl et al. and QIAamp® DNA Mini Kit method showed inhibitory 
effects on the E. coli qrtPCR assay but not on the S. aureus qrtPCR assay. Whilst the final 
volume of the FTA® Elute extract is four times more dilute than that of the other methods, 
the concentration of any inhibitory compounds it may possibly contain is too low to cause 
an inhibitory effect when used according to the manufacturer’s instructions. As such, 
inhibitory effects of a DNA extraction method can differ per PCR assay, as shown by the 
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comparison of our results and those of other authors1,6. PCR inhibition reduces sensitivity, 
thereby negatively influencing the outcome of quantitative measurements. As a result, 
different rates of PCR inhibition on separate PCR assays will complicate quantification of 
microbial samples with a complex composition. Moreover, these observations should also 
be carefully considered in the choice of inhibition controls9. In addition to PCR inhibition 
generated by the DNA extraction method itself, as described above, PCR inhibition needs 
to be assessed depending on the specimen type. In this study, we sought to select a DNA 
extraction method suitable for the processing of samples taken from solid surfaces in 
various surroundings. However, a wide variety of possible PCR inhibiting compounds or, 
most often, none at all can be emphasised to be present on such surfaces, leaving any 
prediction on the PCR inhibition generated by this particular specimen type speculative.  

The least toxic method appears to be FTA® Elute, which, apart from the proprietary 
chemicals on the paper, only requires the use of water. The protocol developed by Reischl 
et al. utilises the detergents Tween 20 and Triton X-100, whilst the QIAamp® DNA Mini 
Kit involves the use of irritating substances. 

The protocol according to Reischl et al. and the FTA® Elute method both occupy little 
volume and weight. The Reischl et al. protocol only requires one lysis buffer, thermal 
heating and centrifugation. FTA® Elute consists of small paper sample cards and, in 
addition, requires water, a small puncher, thermal heating and centrifugation. Additional 
transport and storage advantages for the FTA® Elute method are room temperature sample 
storage, protection of DNA against radiation, UV damage and enzymatic breakdown and 
the immediate deactivation of potentially hazardous microbes, according to the 
manufacturer. The QIAamp® DNA Mini Kit makes use of several solutions, spin-columns, 
centrifugation and thermal heating steps and, as such, occupies more volume and weight 
than the other methods. 

Finally, the applicability of the FTA® Elute method for the analysis of environmental 
samples was demonstrated with swab samples taken from the interior of the ISS. The 
bacterial levels that correspond with the amount of DNA measured in these samples are 
also in agreement with hygiene measures taken aboard the ISS aimed to keep bacterial 
levels below the bacterial acceptability limit of 104 colony forming units per 100 cm222. 

The importance of the DNA extraction step in nucleic-acid-based molecular detection 
and quantification methodology for bacteria and the importance of the assessment of its 
efficiency is evident, as is the case in fungal diagnostics10. Following the results of this 
study, FTA® Elute paper would be our method of choice for use on-site with samples taken 
from solid surfaces, based on the processing time per sample, easiness of use, DNA 
extraction efficiency, broad range of species effectiveness, chemical toxicity and transport 
and storage advantages. 
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Cell counts have generally been used with the generation of standards for 
quantitative molecular methods such as quantitative real-time PCR (qrtPCR) but also 
with cell spiking in experimental settings, with the assumption that during DNA 
extraction the cells used for the standard or spiking release DNA with the same 
efficiency as the cells that are to be sampled. In this study differences in DNA 
extraction yields were assessed for Staphylococcus aureus under different 
environmental conditions. S. aureus cells were pre-applied and dried up on a glass 
surface. A sample was subsequently taken from the glass surface with a pre-moistened 
nylon flocked swab system and processed by a liquid DNA extraction method. The 
DNA yield after extraction was quantified with qrtPCR and compared with that of 
cells that remained in liquid suspension. Remarkably, significantly more DNA (three 
to eleven-fold) was recovered from the pre-applied, dried-up and swabbed cells as 
compared to the cells that did not undergo this treatment. 

The effect demonstrated with S. aureus can easily lead to a severe over-estimation 
of sampled cells when cell counts are used within a standard, as the amount of DNA 
released from the cells used for the standard or spiking experiment can significantly 
differ from that of sampled cells. The results of this study give new insights to the 
development of bacterial DNA quantification methodology. 
 

PCR detection and quantification of microbial DNA is used increasingly with samples 
of various origins such as clinical settings, the food industry, potable water distribution 
systems, air-conditioning systems or advanced life-support systems such as manned 
spacecraft, especially when fast detection is needed. Accordingly, rapid and sensitive 
molecular methods with a detection sensitivity of a few molecules per reaction such as 
quantitative real-time PCR (qrtPCR) have extensively been optimised3. 

Although overcoming many of the disadvantages encountered by culturing10, these 
molecular methods do rely on a reproducible and efficient DNA recovery. Besides the used 
method such as qrtPCR itself several factors determine the outcome of quantification such 
as the preceding steps of sampling and sample processing but also the manner in which the 
qrtPCR standard curve is constructed. Previously, the “gold standard” of microscopic cell 
counting has generally been used for the generation of qrtPCR standards or spiking 
experiments, with the assumption that during DNA extraction cells used for the standard or 
spiking release DNA with the same efficiency as the sampled cells4,5,7. 

In this paper, we addressed this assumption by assessing the differences in DNA yield 
after DNA extraction between bacterial cells that remained in liquid suspension and cells 
that were dried up and sampled from a solid surface. To this purpose, the Gram-positive 
potential pathogen S. aureus was used as model organism and a DNA extraction method 
that does not involve a drying step. 

Four individual cultures of S. aureus subsp. aureus ATCC 25923 cells were grown by 
inoculation of a plate colony into 9 ml Brain Heart Infusion (BHI) (Mediaproducts BV, 
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Groningen, The Netherlands) and overnight incubation at 37°C to an approximate 
maximum concentration of 108 to 109 cells ml-1. To remove any extracellular DNA, cells of 
each culture were washed twice by centrifugation of 1 ml cell suspension for 10 min at 
16100 × g, removal of the supernatant and resuspension of the pellet in 1 ml sterile 
physiological salt solution (0.85% NaCl, Mediaproducts BV). During this procedure each 
of the four cell suspensions was diluted with a factor 10 to prevent overloading of the DNA 
extraction method, which was done after the first washing step. To minimize cell growth 
and lysis, the suspensions were kept on ice during the remainder of the procedure. 

The experiments were performed using DNA-free laboratory techniques. To each well 
of a diagnostic printed glass microscope slide (8 well, 10 mm, XMZ-259L-CE24; Thermo 
Fisher Scientific, Portsmouth, USA), an aliquot of 10 µl of one of each of the four cell 
suspensions was applied in duplicate. The slide was then left to dry at ambient conditions 
for 2 hours. Custom made flocked swabs, consisting of a Mini UTM tube (350C) without 
medium containing an applicator with flocked nylon fibre tip (502CS01) for clinical sample 
collection (Copan Italia S. p. A. Diagnostics Inc.), were pre-moistened with 55 µl of sterile 
physiological salt solution. The wells were subsequently swabbed by wiping a well 10 
times across with a clean pre-moistened flocked swab whilst rotating the swab. Each swab 
was then transferred into a 15 ml conical tube containing 0.9 ml Molecular Biology Water 
(AccuGENE®, Lonza Group Ltd, Basel, Switzerland) and a few 4 mm glass beads (Fisher 
Scientific Emergo B.V., Landsmeer, The Netherlands). Cell material was released from the 
swabs by vigorously shaking the tubes for 20 seconds, incubation at 4°C for 10 minutes and 
shaking for another 10 seconds, yielding the resulting supernatant as sample. Samples of 
cells that remained in fluid suspension were prepared by adding 10 µl of each of the four 
cell suspensions directly to 0.9 ml of water in duplicate, without prior drying up and 
swabbing. To minimize cell growth, the tubes were kept at 4°C for the further duration of 
the sampling procedure. Contamination during the procedure was monitored by preparing 
duplicate pre-moistened swabs that were processed in the same manner as the swabs used 
for the samples, but without the sampling of cell material. The samples and controls were 
subjected to DNA extraction after which the DNA yield was quantified by qrtPCR as 
described below. 

DNA was extracted from 90 µl of each sample and control using a simple boiling 
procedure according to the method of Reischl et al.8. The DNA extraction method of 
Reischl et al. was used since it does not involve a drying-up step. 

A TaqMan PCR assay was used to amplify a specific region (23S rRNA gene) of the 
genome of S. aureus. All oligonucleotide primers and double-dye probes were obtained 
from Eurogentec S. A. (Seraing, Belgium). A 90 bp fragment of the 23S rRNA gene was 
amplified by using primers SauV58 (5’-GCTGTGATGGGGAGAAGACAT-3’) and 
SauR54b (5’-CGGTACGGGCACCTATTTTC-3’)6. Probe Sta59bTQ (5’-
AGAGGCTTTTCTCGGCAGTGTGAAATCAACGA-3’)6 was labelled on the 5’-end with 
carboxyfluorescein (FAM) and on the 3’-end with a 4-([4-
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(dimethylamino)phenyl]azo)benzoic acid (DABCYL) quencher. The probe was hybridized 
in real-time with the PCR product. The total volume in which all qrtPCR reactions were 
performed was 30 µl, consisting of 3 µl of template DNA and 27 µl of amplification 
mixture containing primers and probe, PCR Reaction Buffer (Smart™ Kit No ROX, 
Eurogentec S. A.) and Molecular Biology Water (AccuGENE®). The end concentration of 
each primer was 150 nmol l-1 and that of the probe 80 nmol l-1. The Smart™ Kit PCR 
reagents contained uracil-N-glycosylase to prevent carry-over contamination and 
HotGoldStar DNA polymerase. A Smart Cycler® System (Cepheid, Sunnyvale, USA) was 
used for amplification and real-time detection with a profile of 50°C for 2 min to activate 
uracil-N-glycosylase, 95°C for 10 min to activate HotGoldStar DNA polymerase, followed 
by 45 cycles of 95°C for 15 s and 60°C for 60 s. Duplicate reactions without the addition of 
template DNA served as negative controls for the qrtPCR assay. 

A qrtPCR standard was prepared with purified genomic DNA extracted from S. aureus 
cells that were cultivated as described above as follows. The commonly used commercially 
available QIAamp® DNA Mini Kit (QIAGEN GmbH, Hilden, Germany) was used 
according to the instructions of the manufacturer to extract a sufficient amount of relatively 
good quality DNA from the cells. The DNA solution was purified from contaminants such 
as PCR inhibiting substances by subsequent ethanol precipitation9. The DNA purity and 
concentration were determined with a NanoDrop® ND-1000 Spectrophotometer (NanoDrop 
Technologies, Wilmington, DE, USA). A standard curve of mean qrtPCR threshold cycle 
(Ct) values was prepared with triplicate replicates of three serial dilutions (10 ng, 1 ng, 100 
pg, 10 pg, 1 pg, 100 fg and 10 fg per reaction, respectively) of genomic DNA (n=9). The 
resulting qrtPCR standard curve including E and R2 values is shown in Supplementary Fig. 
2 (page 78). The amount of S. aureus DNA in samples was estimated with this standard 
curve under identical PCR conditions by qrtPCR. If desired, the amount of detected DNA 
can subsequently be correlated to the number of cells it corresponds with by dividing by the 
chromosomal weight, as calculated from the chromosome length and GC content, which is 
approximately 3.0 fg for S. aureus. 

The quantification limit per qrtPCR reaction was determined as the lowest concentration 
on the linear part of the standard curve at which 7 out of 9 reactions or more still gave a 
positive result. The quantification limit was used as the cut-off level or, instead of this, the 
value of a negative control in case it had a positive result. As such, the qrtPCR cut-off level 
was determined at 10 fg of the standard. 

Statistical and graphical analyses were performed by using SPSS (version 16.0 for 
Windows, SPSS Inc. [http://www.spss.com/]) and Microsoft® Office Excel 2003 (Microsoft 
Corporation [http://office.microsoft.com/]) software, respectively. To compare the DNA 
yields after extraction of aliquots of cells that remained in suspension with that of aliquots 
of dried-up and swabbed cells, the Wilcoxon Signed Ranks test was applied (P≤0.05, two-
sided). 

The results in Fig. 1 show that significantly more DNA was recovered from aliquots of 
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pre-applied, dried-up and swabbed S. aureus cells than from aliquots of cells that did not 
undergo this treatment (P=0.011), varying amongst separate cultures with a factor 3 to 11. 
Consequently, using cell counts of the non-treated aliquots as quantitative standards would 
roughly have meant a 10 fold overestimation of the number of cells per sampled surface. 
 

 
Figure 1. Sampling effect in S. aureus. Mean levels (n=2) of recovered S. aureus DNA per 0.9 ml of sample are 
shown for four different cultures (E to H). After drying up for 2 hours on a glass surface and subsequent swabbing, 
significantly more DNA was recovered from cell aliquots than from cell aliquots that remained in liquid 
suspension. Error bars indicate standard deviations for duplicate samples. 
 

The observed differences may have several explanations. One explanation may be a 
lowered resilience (e.g. to detergents) or lysis of the dried-up and swabbed cells that occurs 
before the DNA extraction procedure is initiated. This may be due to rapidly changing 
osmotic values of the extracellular environment as the salt concentration of the medium 
surrounding the cells increases during the process of drying up, physical damage to the cell 
wall caused by drought or mechanical forces applied by the swab, or a combination thereof. 

Another explanation for the observed differences may be that cells sampled from a 
surface experience a stress situation under sub-optimal conditions such as sudden drought 
which may initiate autolysis1. Cells in the natural environment may likewise experience 
circumstances that are either constant for a period of time, allowing them to adapt2, or 
circumstances that change rapidly leaving no time to adapt. For instance, cells grown in 
broth possess a thinner cell wall compared to cells grown in relatively drier circumstances2. 
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Furthermore, the difference in DNA yields after DNA extraction between aliquots of cells 
in liquid suspension and aliquots of dried-up swabbed cells varied amongst separate 
cultures of S. aureus with a factor 3 to 11, which is indicative of large variations amongst 
cultures concerning variables that may be of influence to lysis, such as the physiological 
states cells are in or differences of the cell wall. For instance, Ludwig et al. suggested a 
possible relation between resistance to cell lysis and growth phase of E. coli6. The observed 
phenomenon may apply to a different extent to other microbial species or different 
environmental properties than as evaluated with the model system that was used in this 
study.  

Our results with S. aureus clearly demonstrate that caution should be used when using 
cell counts within a qrtPCR standard, as the recovered amount of DNA after DNA 
extraction of the cells used for the standard can differ significantly from that of cells that 
are to be sampled. Instead, a DNA standard such as in this study should preferably be used 
to exclude the factor of lysis efficiency from the standard. The same caution would apply to 
the use of cell spiking in experimental settings. 
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Abstract 
 

The International Space Station (ISS) forms a unique microbial ecological niche20 
encompassing numerous spaceflight related parameters14 such as microgravity, 
radiation, closed environment and specific bacterial host factors. The complex 
microbial ecosystem that is accommodated by the human body, the human 
microbiota, plays a crucial role in health and disease8,25. As such, changes to the 
microbiota due to spaceflight conditions pose an increased risk to crew health19,32. The 
spaceflight environment has been shown to negatively affect the immune system of the 
host27 and conversely, to increase microbial proliferation16-18,20,23,31,32, exchange18,19,31,32, 
virulence19,23,37 and antibiotic resistance19,20,23,32. However, knowledge of human 
microbiota changes under spaceflight conditions is scarce15 and has mainly been 
limited to comparisons of pre- and post-flight data due to the significant constraints of 
spaceflight experiments19,20,23. Here we show the occurrence of drastic in-flight 
changes of the bacterial microbiota of three cosmonauts during short missions to the 
ISS. We found that the bacterial microbiota undergoes a major shift in terms of 
composition -dysbacteriosis- and in addition, that numerous bacterial species increase 
in numbers during spaceflight. Our results demonstrate how the human bacterial 
microbiota adapts during short duration spaceflight to the extreme environment 
constituted by the ISS. We anticipate our study to instigate progressive research on in-
flight human microbiota adaptations in relation to health and disease. Most 
importantly, microbiota management needs to be a serious consideration particularly 
in view of extended space travel such as manned missions to Mars15,19,32. 
 
 
Introduction 
 

In a spacecraft and advanced life support system (LSS)19,30 such as the ISS 
environmental parameters such as gravity, radiation, or electromagnetism are generally 
very different than on Earth, creating a unique microbial ecological niche20. The effects of 
spaceflight conditions on microorganisms have therefore been topic of research for several 
decades14,18,20,23,31. In the past, experiments on microbes in Space were performed mainly 
using Earth-orbiting robotic spacecraft such as the Russian Foton satellites and the 
European Retrievable Carrier (EURECA), or manned spacecraft such as space shuttles and 
space stations like MIR and the ISS14. For a range of bacterial species typical growth 
kinetics and physiology characteristics have been reported in association with spaceflight as 
compared to ground conditions such as shorter lag-phase duration, increased exponential 
growth rate and stationary-phase final cell concentration of planktonic cultures16-18,20,23, 
enhanced virulence19,23,37, increased antibiotic resistance19,20,23,32, increased mutation 
rate31,32, differential gene expression14,37 and possibly enhanced genetic transfer between 
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Gram-positive strains14. However, these trends do not generally apply and appear to affect 
separate species differently. Species and even strain-specific cell motility has been 
proposed to play a key role in spaceflight-induced increased final cell density4. For some 
species increased cell size and cell wall thickness has been reported, as well as enhanced 
swarming and impaired magnetotaxis23. Furthermore, species-specific bacterial membrane 
changes have been suggested to give rise to altered uptake or excretion rates as a function 
of gravity14. 

The human body accommodates vast amounts of microbes (~100 trillion) that form 
complex ecosystems on the skin, the higher respiratory tract or intestinal tract8,25. The 
human microbiota shares a symbiotic relationship with its host and plays a crucial role in 
health and disease by aid in nutrition, providing colonisation resistance against pathogenic 
microbes and education of the immune system8. Most of these commensal microbes are 
harmless or beneficial to human health, however some are potentially pathogenic.  

Potentially pathogenic microbes may form a serious threat to human health due to the 
extreme environment of a spacecraft such as the ISS. In addition, shifts in the normal 
human microbiota composition may cause a disbalance and lower colonisation resistance 
against microbial pathogens38. Numerous variables may cause differences in bacterial 
growth and initiate quantitative shifts in human microbiota onboard an orbiting spacecraft 
as compared to ground conditions. These concern i) cosmic variables such as indirect 
effects of microgravity (e.g. convection and sedimentation)14,17,20,23 or increased radiation14, 
ii) spacecraft specific variables such as humidity, temperature, closed environment19,31, 
habitation size, use of sanitary means, crew exchange18,19,31,32or mission duration15 or iii) 
host specific variables34 such as psychosocial factors, diet, exercise or physiology changes 
(e.g. mucosa changes or increased blood flow in peripheral tissues). However, the 
underlying mechanisms to the microbial responses associated with spaceflight conditions 
remain largely unknown to date14,20.  

In addition to changes in bacterial growth and behaviour, several human health risks are 
associated with long-term spaceflight32. In particular, studies have shown that the immune 
system can become negatively affected27, implicating an increased susceptibility to 
microbial diseases. 

These factors taken together greatly increase the risk of microbial diseases, especially 
on long-duration missions19,32. Indeed, microbial diseases have occurred during space 
travel18,31,32. Absence of specialized medical facilities at remote locations such as the ISS 
further contributes to the health risk14. To secure a healthy environment for spacecraft crew, 
these findings result in the obvious need to monitor and control (potential) pathogens. Pre- 
and post-flight microbial analyses have been conducted on crew members ever since the 
Russian Soyuz space explorations and the American Apollo program in the sixties31. 
However, implementation of microbiological spaceflight experiments is difficult due to 
significant logistical, technological and financial constraints and because flight 
opportunities are infrequent19,20,23. Therefore, in-flight data on human microbiota are 
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scarce15 and studies have previously been limited to pre- and post-flight comparisons to 
predict in-flight alterations. Moreover, these data were mostly analysed by conventional 
culturing techniques favouring cultivable bacteria38. Several trends in changes of the human 
bacterial microbiota composition were observed after space-flight, such as i) an increase in 
the total number of microbes, frequently with dysbacteriosis, ii) microbial transfer between 
crew and iii) simplification of the microbiota (i.e. a reduction in the number of species). We 
addressed these issues with the European Space Agency (ESA) SAMPLE experiments33. 
To this end, microbial samples taken from three cosmonauts during short duration 
spaceflight missions to the ISS in 2004, 2005 and 2006 were analysed both by conventional 
culturing techniques as well as by molecular techniques. 
 
 
Materials and Methods 
 
1. Sampling systems 

Two types of sterilised systems (Copan Italia S. p. A. Diagnostics Inc., Brescia, Italy) 
were used for microbial sampling: (i) Swab Rinse Kit (927C SRK) tube with a Dacron® and 
(ii) Mini UTM tube (350C) with a flocked nylon fibre applicator (502CS01). Swabs were 
pre-moistened with 55μl sterile clinical grade 0.9% physiological salt solution using DNA-
free laboratory techniques. Tubes were subsequently assembled in a SAMPLE Collection 
Kit. 

 
2. Sample collection, storage and transport 

Microbial samples were taken by self-sampling of the epidermis of each upper forearm, 
mucous membrane of the front of each nasal cavity and in duplicate of the rectum of three 
cosmonauts. Sampling system type (i) was applied with a double swab for sampling a 
forearm or nasal cavity and with a single swab for sampling of the rectum during 
SAMPLE1 and SAMPLE2. The type (ii) single swab system was applied during 
SAMPLE3. The study was reviewed and approved by the European Space Agency Medical 
Board and the Human Research Multilateral Review Board and informed consent was 
obtained24. For the duration of the experiment, the cosmonauts did not receive any 
antibiotics. A two week pre- and one week post-flight quarantine was imposed during 
which access to the cosmonauts was limited to individuals that had been pre-screened for 
signs of disease. 

Sampling took place at six time points: P1 and P2 between 13 to 27 days pre-flight, I1 
on arrival at the ISS at flight day 3 or 4, I2 at flight day 6 or 7, I3 at the 10th last flight day 
and P3 at 16 to 20 days post-flight. Samples were stored and transported to the 
microbiology laboratory on Earth at the University Medical Center Groningen under 
preserving conditions such as temperature (~4-10°C) and minimal transport time as much 
as possible. Temperature fluctuations in proximity of the samples were registered by a 
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SAMPLE Collection Kit integrated SmartButton temperature logger and analysed with 
SmartButton ReaderTM software (http://www.acrsystems.com). 

 
3. Ground-based sample processing 

Samples were processed using DNA-free laboratory techniques. Swabs were cut and put 
each in a 5 ml conical tube containing 4 mm glass beads and 1.6 ml of phosphate buffered 
saline (PBS) for rectal and 1.0 ml for dermal and nasal samples. Only three of duplicate 
dermal and nasal sample double swabs were used. Tubes were vigorously shaken for 20 
seconds, incubated for 10 minutes at 4°C and vigorously shaken for another 10 seconds. 
The suspensions were subdivided into aliquots for analysis. For DNA extraction for 
molecular analysis, 500 μl of each of the suspensions was stored at -20°C. For rectal 
samples this was 500 μl of the first suspension and two aliquots of 500 μl of the duplicate 
suspension. For culturing analysis, 35 μl aliquots of each of the duplicate suspensions were 
pooled and for rectal samples subsequently diluted 100-fold in PBS. Negative controls were 
prepared by processing unused swabs in the same manner as described above. 
 
4. Phenotypic and biochemical identification of isolated bacterial strains 

All culture media were obtained locally (Mediaproducts BV, Groningen, The 
Netherlands). Pooled aliquots were plated on Blood Agar and MacConkey and cultivated at 
37°C. 

Isolates with unique colony morphology were identified from pure cultures using 
standard culture-based methods, the API® system (bioMérieux Inc., Marcy l’Etoile, France) 
and an automated VITEK® 2 system (bioMérieux Inc.). 
 
5. DNA extraction and purification for analysis by quantitative real-time PCR (qrtPCR) 
and Denaturing Gradient Gel Electrophoresis (DGGE) 
For SAMPLE1, DNA of dermal and nasal samples was extracted by a customised protocol 
based on the method of Reischl et al.26 and the QIAamp® DNA Mini Kit (QIAGEN GmbH, 
Hilden, Germany), eluted in 50 μl of AE buffer and stored at -20°C. For rectal samples, 
DNA was extracted by a customised protocol utilising bead beating with 0.1 and 0.5 mm 
(1:1) zirconium beads (BioSpec Products Inc., Bartlesville, USA), SDS, phenol/chloroform 
and the QIAamp® DNA Mini Kit (QIAGEN GmbH). Pre-flight samples were eluted in 200 
µl and the remaining in 50 μl of AE buffer and stored at -20°C. 
From SAMPLE2 and SAMPLE3 samples, DNA was extracted by the FTA® Elute method 
(Whatman plc., Maidstone, UK) according to the instructions of the manufacturer. For 
SAMPLE2 and SAMPLE3 DGGE and the Pseudomonas sp. qrtPCR assay, DNA was 
extracted according to the method of Reischl et al.26 and stored at -20°C. 
 
6. QrtPCR. 

PCR procedures were performed using DNA-free laboratory techniques. 
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Generation of qrtPCR standards 
Standard curves of mean qrtPCR threshold cycles (Ct) were prepared with triplicate 

replicates of serial dilutions of purified bacterial genomic DNA (i. e. two series prepared 
from two unique DNA solutions for E. coli and P. acnes and for the other species three 
series prepared from one unique DNA solution) of the following reference strains: S. 
aureus ATCC 25923, S. epidermidis ATCC 12228, E. coli ATCC 11775, P. acnes DSM 
1897, Pseudomonas aeruginosa ATCC 27853 and L. pneumophila ATCC 33155. The 
purity and concentration of DNA derived from these species was determined with a 
NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
USA). The amount of bacterial DNA in samples was estimated with these standard curves 
under identical PCR conditions. 
 
QrtPCR methods 

Six TaqMan PCR assays were used to amplify specific regions of S. aureus, S. 
epidermidis, E. coli, P. acnes, Pseudomonas sp. and L. pneumophila genomes. All assays 
were validated and checked for complementarities with other than the target organisms by 
BLAST analysis1. All primers, double-dye probes and qrtPCR-kits were obtained from 
Eurogentec S. A. (Seraing, Belgium)(Supplementary Table 1). QrtPCR reactions were 
performed in a total volume of 30 µl containing 3 µl target DNA, PCR Reaction Buffer 
(Smart™ Kit No ROX), primers, probe and water (AccuGENE® Molecular Biology Water, 
Lonza Group Ltd,  Basel, Switzerland). The end concentration of each primer was 150 nM, 
except for 240 nM for the PA-F/R primers. The end concentration of the P-UIDA, 
Pseudomonas and mip-Lpn0941P probes was 300 nM, of the Sta59bTQ probe 80 nM and 
of the PA-TAQ probe 248 nM. Amplification and real-time detection were carried out on a 
Smart Cycler® System (Cepheid, Sunnyvale, USA) starting with a profile of 50°C for 2 min 
and 95°C for 10 min. This was followed by 45 cycles of 95°C for 15 s and 60°C for 60 s for 
the S. aureus, S. epidermidis, E. coli, P. acnes and L. pneumophila assays. For the 
Pseudomonas assay it was followed by 45 cycles of 95°C for 10 s, 62°C for 1 min and 
72°C for 15 sec. Negative controls were performed for every qrtPCR assay by running 
reactions without the addition of template DNA. 
 
QrtPCR data analysis 

The quantification limit per reaction was determined for each qrtPCR assay as the 
lowest concentration on the linear part of the standard curve at which 7 out of 9 reactions or 
more gave a positive result. The cut-off level was determined by the quantification limit or 
by the value of a negative control in case it had a positive result. In case a Ct of zero 
(negative result) or above the mean Ct (+1s.d.) of the quantification limit was measured, a 
Ct equal to the mean Ct (+1s.d.) of the quantification limit was assumed for data analysis.  

The average DNA level per sample was calculated by averaging DNA levels per 
reaction (log fg) of duplicate or triplicate samples and subsequent multiplication with the 



                      Spaceflight conditions cause major shifts in human microbiota 

 59 

sample dilution factor. Differences of the average DNA levels per sample of three 
cosmonauts (n=3) amongst separate time points (P1, P2, I1, I2, I3 and P3), amongst Earth 
time points (P1, P2 and P3) and amongst Space time points (I1, I2 and I3) were statistically 
tested by Friedman analysis for each bacterial species per sample type (dermal, nasal and 
rectal). In case no significant differences were found amongst these datasets, average DNA 
levels per sample were subsequently averaged per cosmonaut for Earth and for Space time 
points. Subsequently, differences between Earth and Space averages were statistically 
tested by Wilcoxon analysis. Differences of P≤0.1 (two-tailed) were considered significant 
regarding the low number of subjects (n=3). Statistical and graphical analyses were 
performed by using SPSS v16.0 (http://www.spss.com/) and Microsoft® Office Excel 2003 
(http://office.microsoft.com/) software, respectively. 

 
7. DGGE fingerprinting 
 
PCR methods 

Eubacterial primers 533r and 341fGC were used to amplify a fragment of the 16S rRNA 
genes of bacterial community genomes (Supplementary Table 1). For PCR either 5 µl of 
target DNA, or for negative controls no target DNA, was amplified in a total volume of 50 
µl containing 1.25 U TaqTM HS DNA polymerase, PCR buffer, 0.2 mM dNTP mixture, 
0.4 µM of each primer and water (Lonza Group Ltd). PCR kits were obtained from Takara 
Bio Inc. (Otsu, Japan). Amplification was carried out on a TGradient Thermocycler 
(Biometra GmbH, Göttingen, Germany) with a profile of 94°C for 2 min, followed by 30 
cycles of 94°C for 45 s, 49°C for 30 s and 72°C for 1 min and one cycle of  72°C for 5 min. 
To confirm amplification of PCR products of the proper size electrophoresis was performed 
through an ethidium bromide stained 1.0 % (w/v) agarose gel (Eurogentec S. A.) in TAE 
buffer29. 
 
Generation of bacterial markers 

Bacterial markers were prepared by PCR as described above from a selection of strains 
isolated from samples of cosmonauts and the ISS interior. Culture-based identification of 
the isolates was confirmed by 16S rRNA gene sequence analysis. 
 
DGGE methods 

DGGE was performed at 60° with an INGENYphorU system (Ingeny International BV, 
Goes, The Netherlands). Eight percent (w/v) polyacrylamide gels with a denaturant gradient 
from 35% to 65% were used to analyze PCR fragments and electrophoreses were run for 17 
h at 130V. Bands of interest were excised from the silver-stained gel, added to 50 μl water 
(Lonza Group Ltd) of which DNA was eluted by vigorously shaking for 10 s, incubation 
for 12-18 h at 50 °C and vigorously shaking for another 10 s. After re-amplification as 
described above, the PCR products were sequenced externally (BaseClear BV, Leiden, The 



Chapter 5                                                                                                        _ 

 60 

Netherlands) by using primer 533r with proprietary in-house protocols. Sequences were 
determined and aligned with the aid of Chromas Lite v2.01 
(http://www.technelysium.com.au) and BioEdit Sequence Alignment Editor v7.0.8.012 
software, respectively. Sequences were identified by online BLASTN 2.2.18+ and RDP10 
analysis1,7. The images of the silver-stained gel were digitally captured with a CanonScan 
LiDE 25 system (Canon Inc, Tokyo, Japan) at a resolution of 300 dpi. Digitised profiles 
were analyzed with Gelcompar II v3.5 (http://www.applied-maths.com) software. Pearson’s 
correlation coefficient was used to calculate pairwise similarities between the densitometric 
curves. From the resulting similarity matrix a dendrogram was constructed using the 
unweighted pair group method with arithmetic mean (UPGMA). Profiles were considered 
indistinguishable if they shared a higher similarity than the markers. 
 
 
Results and Discussion 
 

For dermal, nasal and rectal samples, in particular of two of the cosmonauts (Y and Z), 
the total number of bacteria including the number of Gram-negative bacteria sharply 
increased in-flight and even went above the upper limit of quantification (>1 × 104 colony 
forming units (CFU) for dermal and nasal samples and >1 × 106 CFU for rectal samples), in 
contrast to most pre- and post-flight samples. Likewise, previous studies noted an increase 
of the total number of microbes18,31,32 after spaceflight, frequently with dysbiotic shifts 
towards an increase in (opportunistic) pathogens (e.g. staphylococci such as Staphylococcus 
aureus or enterobacteria such as Escherichia coli15) and a decrease in commensal 
microbiota (e.g. intestinal bacteria beneficial to human health such as lactobacilli15) which 
appears to aggravate during longer duration spaceflight15. Similar increases of 
enterobacteria as well as a reduction of lactobacilli have been observed in terrestrial studies 
of frailty in the elderly34, a concept which encompasses several of the variables that are also 
encountered during space travel such as psychosocial factors or mobility. 

Population shifts of several cultivable aerobic species or API® biotypes were observed 
between pre-, in- and post-flight periods (Table 1). For instance, whilst some species or 
API® biotypes could only be cultivated from the in-flight period (Enterobacter aerogenes 
and E. coli type 20 E 5044542), others could only be cultivated from pre- or post-flight 
periods (“Bacillus cascainensis”; Streptococcus agalactiae; Staphylococcus epidermidis 
type Staph 6706113 and Staphylococcus lugdunensis type Staph 6316150). E. coli type 20 
E 5044552 was not noticeably affected by different flight circumstances.  

Several species or API® biotypes increased in numbers in-flight above the upper limit of 
quantification such as Aeromonas hydrophila; Pseudomonas aeruginosa type 20 NE 
0354575; the enterobacteria E. aerogenes, E. coli type 20 E 5044542 and 20 E 5045542, 
Leclercia adecarboxylata, Serratia marcescens and a Proteus spp.; S. aureus, 
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Table 1. Bacterial species isolated from dermal, nasal and rectal samples of three cosmonauts taken at 6 chronological time points. 
Cosmonaut X Y Z 
Bacterial species API type P1 P2 I1 I2 I3 P3 P1 P2 I1 I2 I3 P3 P1 P2 I1 I2 I3 P3 
Aerococcus urinae 20 Strep 7562010 R                  
 20 Strep 7562011    R               
 20 Strep 7460011      R             
Aeromonas hydrophila/ punctata 20 NE 5476755                 N  
“Bacillus cascainensis”              D D     
Brevibacterium epidermidis Coryne 4110004       N            
Corynebacterium sp. Coryne 2000124            R       
Corynebacterium  pseudodiphtheriticum Coryne 5100/1004 

 
       N           

Corynebacterium propinquum Coryne 5/1000004        N           
Enterobacter aerogenes 20 E 5305773         N N N        
Enterobacter cloacae 20 E 3305773         R          
Enterococcus faecalis    R R               
Escherichia coli 20 E 1044502       R  R  R        
 20 E 1044552      R            R 
 20 E 2044502        R           
 20 E 3044552            R       
 20 E 5004542 R                  
 20 E 5044352              R     
 20 E 5044542               R R R  
 20 E 5044552       R R R R R R R R     
 20 E 5045542                 R  
 20 E 5144512         R R R R       
 20 E 5144532            R       
 20 E 5145552  R                 
Micrococcus luteus              D      
Klebsiella oxytoca 20 E 5245773              N     
 20 E 5254773             N      
 20 E 5255773             N N  N  N 
Kocuria kristinae Staph 6712114                  N 
Leclercia adecarboxylata 20 E 1044152              R N  R R 
Lactococcus lactis subsp. Lactis 20 Strep 7077011  R                 
Proteus spp.                R R   
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Pseudomonas aeruginosa                  R  
 20 NE 0354575               R    
Serratia marcescens 20 E 5307761                 N  
Staphylococcus aureus  N N N N N N             
Staphylococcus epidermidis Staph 6306113  R                 
 Staph 6606113                N   
 Staph 660615/12            R       
 Staph 6704113             N      
 Staph 670405/10            R       
 Staph 6706013                N   
 Staph 6706113 R RN    R       N N    N 
 Staph 6606152     R              
Staphylococcus haemolyticus Staph 6236171              N N    
Staphylococcus hominis Staph 6216112                N   
 Staph 6616052        R    R       
Staphylococcus lugdunensis Staph 6316150       N N           
 Staph 6716150       R            
 Staph 6716152             D      
Staphylococcus saprophyticus Staph 6434152                N   
 Staph 6634112                N   
Staphylococcus xylosus Staph 6737440                 R  
Staphylococcus warneri Staph 6314112  N                 
Streptococcus agalactiae        R R           
 20 Strep 7462015     R              
Streptococcus oralis 20 Strep 0370401 R                  
Yeast                 D   
Abbreviations: D, dermal; N, nasal; R, rectal; P1 and P2, pre-flight; I1, I2 and I3, in-flight; P3, post-flight. Underlined: the number of CFU was above the upper limit of 
quantification. Differences in presence between pre-, in- and post-flight periods can be observed for multiple species or API types. In addition, for several species the 
number of in-flight CFU was above the upper limit of quantification.  
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S. epidermidis type Staph 6706013 and Staphylococcus haemolyticus; and a yeast (Table 
1). 

The numbers of Corynebacterium pseudodiphteriticum, Corynebacterium propinquum 
and L. adecarboxylata went above the upper limit of quantification pre-flight. As compared 
to pre-flight, previous studies have noted post-flight microbial transfer between crew (e. g. 
of S. aureus)18,19,31,32. To reduce the chance of microbial disease, preventive pre- and post-
flight quarantine measures have been taken to equilibrate the microbiota to the level of 
confinement and to allow contracted infectious diseases to manifest themselves before 
flight31. Cross contamination and post-flight increased incidence of S. aureus was shown to 
be typical of confinement to a closed environment for several days31. 

Molecular analysis methods overcome many of the problems encountered by 
conventional culturing techniques38. QrtPCR  is a rapid and sensitive method with a high 
specificity for the molecular detection and quantification of DNA11. Specific primers and 
probes for qrtPCR that have been developed for (potential) human pathogens were used, i.e. 
for S. epidermidis, S. aureus, E. coli, Propionibacterium acnes, Pseudomonas sp. and 
Legionella pneumophila (Supplementary Table 1). Standard curves, R2 and E values were 
determined for all qrtPCR assays (Supplementary Figs. 1-6), as well as DNA cut-off levels 
per sample (Supplementary Table 2). 

Molecular analysis by qrtPCR supported and supplemented the data found by culturing. 
Table 2 shows the average DNA levels of dermal, nasal and rectal microbial samples. The 
DNA level correlates with the number of bacteria, if assumed that the number of qrtPCR 
target sequences remains constant per bacterial genome (~5 fg). The level of detectable 
DNA of several bacterial species changed in Space compared to Earth samples, whilst that 
of other species was not noticeably affected. The limited availability of human subjects 
prevented statistically significant conclusions from being drawn. Whilst S. epidermidis and 
Pseudomonas sp. DNA levels were not noticeably affected in dermal samples when 
comparing Space and Earth averages, S. aureus and P. acnes showed a decrease in Space 
samples. The decrease in P. acnes DNA levels was nearly significant (P=0.109), which is 
remarkable considering the low number of subjects. A reduction in the incidence of P. 
acnes after spaceflight was reported before31. The observed decreases may be the result of 
disinfection regimes of the skin right before departure to the ISS. The increased post-flight 
level of detected dermal S. aureus DNA confirms previous observations31. In nasal and 
rectal samples, average DNA levels increased for most bacterial species in Space. For S. 
epidermidis in nasal samples the increase was nearly significant (P=0.109). The DNA 
levels of P. acnes showed an increase amongst time points I1, I2 and I3 in Space in nasal 
samples (P=0.086). It should be noted that growth rate is species specific, and therefore 
changes in numbers of slow growing species such as P. acnes will be less obvious if the 
time between sampling is short. 
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Table 2. Average DNA levels (log fg ± s. d.) determined by qrtPCR of dermal, nasal and rectal microbial 
samples taken from three cosmonauts at 6 chronological time points with total averages (log fg ± s. e. m.) for 
Earth (P1, P2 and P3) and Space (I1, I2 and I3). 
 DNA levels 
 P1 P2 I1 I2 I3 P3 Earth Space 
Dermal  
S. epidermidis 4.1±0.5 4.1±0.5 4.0±0.7 4.2±0.4 4.1±0.6 4.1±0.6 4.1±0.04 4.1±0.1 
S. aureus BC BC BC 3.8±1.0 BC 3.9±0.9 3.8±0.1 3.7±0.04 
P. acnes 4.7±0.3 4.6±0.3 4.4±0.6 4.6±0.4 4.6±0.3 4.8±0.1 4.7±0.1 4.5±0.1 
Pseudomonas sp. 3.2±0.5 3.1±0.6 BC BC 3.2±0.4 3.1±0.5 3.1±0.02 3.1±0.1 
L. pneumophila 3.6±1.2 BC BC BC BC BC 3.6±0.01 BC 
Nasal  
S. epidermidis 5.5±0.7 5.4±0.7 6.3±0.1 6.1±0.4 5.9±1.1 5.3±0.6 5.4±0.1 6.1±0.2 
S. aureus 4.1±1.6 4.4±2.0 4.6±2.3 4.7±2.5 4.2±1.5 4.4±2.0 4.3±0.2 4.5±0.3 
P. acnes 5.0±0.5 4.7±0.3 4.8±0.3 4.9±0.2 5.1±0.3 4.8±0.6 4.8±0.1 4.9±0.2 
Pseudomonas sp. 3.1±0.6 3.1±0.6 BC BC BC 3.1±0.6 3.1±0.02 BC 
Rectal  
E. coli 6.2±1.8 5.8±2.2 6.8±1.9 6.3±2.0 7.0±1.8 6.1±2.4 6.0±0.2 6.7±0.4 
S. epidermidis 4.8±0.3 4.5±0.8 4.5±0.2 4.8±0.3 5.6±0.9 4.7±0.2 4.7±0.1 5.0±0.6 
P. acnes BC BC BC 4.4±1.0 4.4±1.0 BC BC 4.4±0.02 
Pseudomonas sp. 3.8±0.7 BC 4.2±1.9 3.5±0.8 3.6±0.01 3.7±0.1 3.7±0.2 3.8±0.4 
Abbreviations: P1 and P2, pre-flight; I1, I2 and I3, in-flight; P3, post-flight; BC, DNA levels for all three 
volunteers were below cut-off level (Supplementary Table 2). For most analysed species in nasal and rectal 
samples, an increase can be observed of total average DNA in Space. DNA levels of E. coli in dermal samples, E. 
coli  and L. pneumophila in nasal samples and S. aureus and L. pneumophila in rectal samples were below cut-off 
level for all three volunteers at all time points.  
 

The dynamics and diversity of bacterial communities have frequently been studied by 
DGGE. This technique facilitates the separation of DNA fragments of the same length 
according to differences in nucleotide composition. To this purpose, fragments of 16S 
rDNA genes can be amplified by PCR for analysis by DGGE from community DNA by 
using universal primers35,38. 

DGGE profiles of the samples show clustering of two main groups with low similarity 
(Fig. 1, Supplementary Figs. 7-12). Whilst the first group (Earth) usually includes pre-flight 
profiles (P1, P2), the second group (Spaceflight) usually includes the third in-flight time 
point profile (I3). I1 and I2 as well as P3 profiles cluster either within the Earth or 
Spaceflight group, which suggests that they represent transitional states. Likewise, the post-
flight microbial load has previously been reported to return to pre-flight values15,31. The 
Earth and Spaceflight group for nasal samples of cosmonaut Z showed a low similarity of 
19.5±9.7% (Fig. 1). In addition, large dissimilarities between nasal cavities were observed 
in Spaceflight samples, with profile I3-1B having a mere similarity of only 3.0±5.5% with 
the other profiles. Comparably low similarities were found between profiles of Earth and 
Spaceflight groups for cosmonaut X: 52.4±9.1% (nasal), 50.6±9.4% (rectal), cosmonaut Y: 
51.2±10.3% (dermal), 18.1±12.3% (nasal), 14.4±9.3% (rectal) and cosmonaut Z: 1.5±2.6% 
(rectal) (Supplementary Fig. 7-12). Interesting bands of nasal profiles of cosmonaut Z were 
identified by sequence analysis (Fig. 1). Whilst band sequences with highest similarities to 
Simonsiella muelleri, Dolosigranulum pigrum (lactobacillus) and several Corynebacterium 
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sp. were exclusively present in Earth group profiles, those of enterobacteria Serratia 
rubidaea (2 strains) and Klebsiella oxytoca proliferated in the Spaceflight group profiles. 
 

 
Figure 1. DGGE profile comparison of nasal swab samples of cosmonaut Z taken pre-, in- and post-flight to 
the ISS. Clustering of Earth and Spaceflight profiles into two groups can be observed, as marked by an *. Species 
with the highest sequence similarity to determined nucleotide sequences of bands numbered 1 to 14 in the figure 
(EMBL accession numbers of determined sequences): 1. Simonsiella muelleri strain ATCC 29433/ 29462 
(FN997591) 2. Corynebacterium capitovis CCUG 39779T (FN997592) 3. Serratia rubidaea JCM 24202/ 24204 
(FN997593) 4. S. rubidaea JCM 24202/ 24204 (FN997594) 5. Dolosigranulum pigrum NCFB 2975T (FN997595) 
6. D. pigrum NCFB 2975T (FN997596) 7. S. rubidaea JCM 24202 (FN997597) 8. Klebsiella oxytoca ATCC 
13182T (FN997598) 9. S. rubidaea JCM 24202 (FN997599) 10. S. rubidaea JCM 24204 (FN997600) 11. S. 
rubidaea JCM 24202 (FN997601) 12. S. rubidaea JCM 24202 (FN997602) 13 and 14. Corynebacterium 
propinquum CIP 103792T/ Corynebacterium pseudodiphtheriticum CIP 103420T/ Corynebacterium 
camporealensis CECT 4897T (FN997603 and FN997604). Abbreviations: P1 and P2, pre-flight; I1, I2 and I3, in-
flight; P3, post-flight. Bar indicates Pearson correlation [0.0% - 100.0%]. 

 
As compared to pre-flight, previous studies noted a post-flight simplification of the 

microbiota6,31,32. The theory of simplification of the microbiota in the (semi-)closed 
environment of a spacecraft such as the ISS was proposed early on based on terrestrial 
chamber studies31. The risk for a microbiological disease might increase if an 
(opportunistic) pathogen would become one of the dominant species. Although the DGGE 
Spaceflight profiles in our study do show a decrease in the number of bands as well as 
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bands becoming more prominent in several instances, general simplification patterns could 
not be established. 

Our findings show that extreme shifts occur in human microbiota numbers and 
composition during the course of short duration spaceflight in which several spaceflight 
associated parameters may play a role, often with shifts towards (potential) pathogens such 
as enterobacteria or staphylococci. The transition of the microbiota under spaceflight 
conditions appears to develop gradually over the course of several days and may already 
commence pre-flight, the latter possibly in association with spaceflight related parameters 
such as psychosocial factors or quarantine. Subsequently, the microbiota appears to return 
to pre-flight numbers and composition when returning to post-flight ground conditions. 
How these observations precisely relate to health and disease and what the implications will 
be for extended duration space travel remains to be investigated. As shown here, spaceflight 
conditions may pose an increased risk of microbiological diseases, not only by a lowered 
resistance against pathogens due to a negatively affected immune system of the bacterial 
host, but also by dysbacteriosis with a lowered colonisation resistance against pathogens.  
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Supplementary Table 1. (Qrt)PCR primers and qrtPCR probes used in this study. 
Target organism Target 

gene 
Oligonucleotide Amplicon 

size (bp) 
Sequence (5’ to 3’) References 

Eubacteria 16S rRNA *341fGC ~192 
CGCCCGCCGCGCGCGGCGGGCGGGG
CGGGGGCACGGGGGG-
CCTACGGGAGGCAGCAG 

22 

  *533r  TTACCGCGGCTGCTGGCAC 
Adapted from 
22,35 

Eubacteria 16S rRNA †8FE ~1502 AGAGTTTGATCMTGGCTCAG 13,28,36 
  †1492R  GGMTACCTTGTTACGACTT 13,28,36 
S. epidermidis 23S rRNA ‡SepV58 90 GCTGTGATGGGGAGAGGAAAT 21 
  ‡SepR54b  CGGTACGGGCACCTGTTATC 21 

  ‡Sta59bTQ  
FAM-
AGAGGCTTTTCTCGGCAGTGTGAAAT
CAACGA-DABCYL 

21 

S. aureus 23S rRNA ‡SauV58 90 GCTGTGATGGGGAGAAGACAT 21 
  ‡SauR54b  CGGTACGGGCACCTATTTTC 21 

  ‡Sta59bTQ  
FAM-
AGAGGCTTTTCTCGGCAGTGTGAAAT
CAACGA-DABCYL 

21 

E. coli uidA ‡L-UIDA 145 TGGTGATTACCGACGAAAAC Adapted from 5 
  ‡UAR-900  GCGTGGTTACAGTCTTGC Adapted from 3 

  ‡P-UIDA  
FAM-
GCCGGGATCCATCGCAGCGTAATGCT
C-DABCYL 

Adapted from 3,5 

P. acnes 16S rRNA ‡PA-F 131 GCGTGAGTGACGGTAATGGGTA 10 
  ‡PA-R  TTCCGACGCGATCAACCA 10 

  ‡PA-TAQ  
FAM-
AGCGTTGTCCGGATTTATTGGGCG-
EDQ 

10 

Pseudomonas 
sp. 

oprI ‡PS1 244 CAACGTTCTGAAATTCTCTGCT Adapted from 9 

  ‡PS2  CTTGCGGCTGGCTTTTTC Adapted from 9 

  ‡Probe  
FAM-
AAAGAAACCGAAGCWCGTCTGAC-
EDQ 

This study 

L. pneumophila mip ‡mip-Lpn0901F 131 AACCGATGCCACATCATTA Adapted from 2 
  ‡mip-Lpn1011R  CTTGCATGCCTTTAGCCA Adapted from 2 

  ‡mip-Lpn0941P  
FAM-TCGGCACCAATGCTATAAGA-
DABCYL 

2 

Abbreviations: FAM, carboxyfluorescein; DABCYL, 4-([4-(dimethylamino)phenyl]azo)benzoic acid; EDQ, 
Eclipse® Dark Quencher. Oligonucleotides used with: * DGGE; † sequencing; ‡ qrtPCR. 
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Supplementary Table 2. QrtPCR DNA cut-off levels (log fg) for dermal, nasal and rectal samples.  
 SAMPLE 1 SAMPLE 2, 3 
Dermal/nasal   
S. epidermidis 2.39 4.40 
S. aureus 2.37 4.38 
E. coli 2.13 4.14 
P. acnes 3.02 4.75 
Pseudomonas sp. 2.39 3.44 
L. pneumophila 2.29 4.30 
 pre-flight in-, post-flight  
Rectal    
S. epidermidis 3.20 2.60 4.61 
S. aureus 3.18 2.58 4.58 
E. coli 2.94 2.34 4.34 
P. acnes 3.83 3.22 4.96 
Pseudomonas sp. 3.20 2.60 3.65 
L. pneumophila 3.10 2.50 4.51 
 



                      Spaceflight conditions cause major shifts in human microbiota 

 69 

 
Supplementary Figure 1. QrtPCR standard curve of S. epidermidis. 
 

 
Supplementary Figure 2. QrtPCR standard curve of S. aureus.
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Supplementary Figure 3. QrtPCR standard curve of E. coli. 
 

 
Supplementary Figure 4. QrtPCR standard curve of P. acnes.
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Supplementary Figure 5. QrtPCR standard curve of Pseudomonas sp. 

 
 
Supplementary Figure 6. QrtPCR standard curve of L. pneumophila. 
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Supplementary Figure 7. DGGE profile comparisons of nasal swab samples of cosmonaut X taken pre-, in- 
and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). Bar 
indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups can be 
observed, as marked by an *. 
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Supplementary Figure 8. DGGE profile comparisons of rectal swab samples of cosmonaut X taken pre-, in- 
and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). Bar 
indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups can be 
observed, as marked by an *. 
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Supplementary Figure 9. DGGE profile comparisons of dermal swab samples of cosmonaut Y taken pre-, 
in- and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). 
Bar indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups 
can be observed, as marked by an *. 
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Supplementary Figure 10. DGGE profile comparisons of nasal swab samples of cosmonaut Y taken pre-, in- 
and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). Bar 
indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups can be 
observed, as marked by an *. 
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Supplementary Figure 11. DGGE profile comparisons of rectal swab samples of cosmonaut Y taken pre-, 
in- and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). 
Bar indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups 
can be observed, as marked by an *. 
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Supplementary Figure 12. DGGE profile comparisons of rectal swab samples of cosmonaut Z taken pre-, 
in- and post-flight to the ISS. Abbreviations: P1 and P2 (pre-flight), I1, I2 and I3 (in-flight) and P3 (post-flight). 
Bar indicates Pearson correlation [0.0% - 100.0%]. Clustering of Earth and Spaceflight profiles into two groups 
can be observed, as marked by an *. 
 
 
References 
 

 1.  Altschul SF et al. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acids Res 25:3389-3402. 

 2.  Ballard AL et al. (2000). Detection of Legionella pneumophila using a real-time PCR hybridization 
assay. J Clin Microbiol 38:4215-4218. 

 3.  Bej AK, Dicesare JL, Haff L and Atlas RM (1991). Detection of Escherichia coli and Shigella spp. 
in water by using the polymerase chain reaction and gene probes for uid. Appl Environ Microbiol 
57:1013-1017. 

 4.  Benoit MR and Klaus DM (2007). Microgravity, bacteria, and the influence of motility. Adv Space 
Res 39:1225-1232. 

 5.  Brasher CW, DePaola A, Jones DD and Bej AK (1998). Detection of microbial pathogens in 
shellfish with multiplex PCR. Curr Microbiol 37:101-107. 

 6.  Carmichael C and Taylor GR (1977). Evaluation of crew skin flora under conditions of a full 
quarantine lunar-exploration mission. Br J Dermatol 97:187-196. 



Chapter 5                                                                                                        _ 

 78 

 7.  Cole JR et al. (2007). The ribosomal database project (RDP-II): introducing myRDP space and quality 
controlled public data. Nucleic Acids Res 35:D169-D172. 

 8.  Costello EK et al. (2009). Bacterial community variation in human body habitats across space and 
time. Science 326:1694-1697. 

 9.  de Vos D et al. (1997). Direct detection and identification of Pseudomonas aeruginosa in clinical 
samples such as skin biopsy specimens and expectorations by multiplex PCR based on two outer 
membrane lipoprotein genes, oprI and oprL. J Clin Microbiol 35:1295-1299. 

 10.  Eishi Y et al. (2002). Quantitative analysis of mycobacterial and propionibacterial DNA in lymph 
nodes of Japanese and European patients with sarcoidosis. J Clin Microbiol 40:198-204. 

 11.  Espy MJ et al. (2006). Real-time PCR in clinical microbiology: applications for routine laboratory 
testing. Clin Microbiol Rev 19:165-256. 

 12.  Hall TA (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis program 
for Windows 95/98/NT. Nucleic Acids Symp Ser :95-98. 

 13.  Hiraishi A (1992). Direct automated sequencing of 16S rDNA amplified by polymerase chain reaction 
from bacterial cultures without DNA purification. Lett Appl Microbiol 15:210-213. 

 14.  Horneck G, Klaus DM and Mancinelli RL (2010). Space Microbiology. Microbiol Mol Biol Rev 
74:121-156. 

 15.  Ilyin VK (2005). Microbiological status of cosmonauts during orbital spaceflights on Salyut and Mir 
orbital stations. Acta Astronaut 56:839-850. 

 16.  Kacena MA et al. (1999). Bacterial growth in space flight: logistic growth curve parameters for 
Escherichia coli and Bacillus subtilis. Appl Microbiol Biotechnol 51:229-234. 

 17.  Klaus D, Simske S, Todd P and Stodieck L (1997). Investigation of space flight effects on 
Escherichia coli and a proposed model of underlying physical mechanisms. Microbiology 143:449-
455. 

 18.  Klaus DM (2002). Space microbiology: microgravity and microorganisms. In: The encyclopedia of 
environmental microbiology. Bitton G (ed). John Wiley & Sons, New York, NY, pp 2996-3004. 

 19.  Klaus DM and Howard HN (2006). Antibiotic efficacy and microbial virulence during space flight. 
Trends Biotechnol 24:131-136. 

 20.  Leys NMEJ et al. (2004). Space flight effects on bacterial physiology. J Biol Regul Homeost Agents 
18:193-199. 

 21.  Ludwig W and Schleifer KH (2000). How quantitative is quantitative PCR with respect to cell 
counts? Syst Appl Microbiol 23:556-562. 

 22.  Muyzer G, Hottenträger S, Teske A and Wawer C (1996). Denaturing gradient gel electrophoresis 
of PCR-amplified 16S rDNA - A new molecular approach to analyse the genetic diversity of mixed 
microbial communities. In: Molecular Microbial Ecology Manual. Akkermans ADL, van Elsas JD and 
de Bruijn FJ (eds). Kluwer Academic Publishers, Dordrecht, pp 1-23. 

 23.  Nickerson CA et al. (2004). Microbial responses to microgravity and other low-shear environments. 
Microbiol Mol Biol Rev 68:345-361. 



                      Spaceflight conditions cause major shifts in human microbiota 

 79 

 24.  Oei I and Mirra C (2008). Europe's human research experiments integration on the International 
Space Station. Acta Astronaut 63:1126-1136. 

 25.  Qin J et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. 
Nature 464:59-65. 

 26.  Reischl U et al. (2000). Rapid identification of methicillin-resistant Staphylococcus aureus and 
simultaneous species confirmation using real-time fluorescence PCR. J Clin Microbiol 38:2429-2433. 

 27.  Rykova MP, Antropova EN, Larina IM and Morukov BV (2008). Humoral and cellular immunity 
in cosmonauts after the ISS missions. Acta Astronaut 63:697-705. 

 28.  Salzman NH et al. (2002). Analysis of 16S libraries of mouse gastrointestinal microflora reveals a 
large new group of mouse intestinal bacteria. Microbiology 148:3651-3660. 

 29.  Sambrook J and Russell DW (2001). Molecular Cloning: A Laboratory Manual. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York. 

 30.  Somova LA and Pechurkin NS (2005). Management and control of microbial populations' 
development in LSS of missions of different durations. Adv Space Res 35:1621-1625. 

 31.  Taylor GR (1974). Space microbiology. Annu Rev Microbiol 28:121-137. 

 32.  Taylor PW and Sommer AP (2005). Towards rational treatment of bacterial infections during 
extended space travel. Int J Antimicrob Agents 26:183-187. 

 33.  van Tongeren SP et al. (2007). Microbial detection and monitoring in advanced life support systems 
like the International Space Station. Microgravity Science and Technology 19:45-48. 

 34.  van Tongeren SP, Slaets JPJ, Harmsen HJM and Welling GW (2005). Fecal microbiota 
composition and frailty. Appl Environ Microbiol 71:6438-6442. 

 35.  Watanabe K, Kodama Y and Harayama S (2001). Design and evaluation of PCR primers to amplify 
bacterial 16S ribosomal DNA fragments used for community fingerprinting. J Microbiol Methods 
44:253-262. 

 36.  Weisburg WG, Barns SM, Pelletier DA and Lane DJ (1991). 16S ribosomal DNA amplification for 
phylogenetic study. J Bacteriol 173:697-703. 

 37.  Wilson JW et al. (2008). Media ion composition controls regulatory and virulence response of 
Salmonella in spaceflight. PLoS One 3:e3923, doi:10.1371/journal.pone.0003923. 

 38.  Zengler K et al. (2008). Accessing uncultivated microorganisms: from the environment to organisms 
and genomes and back. ASM Press, Washington, DC. 



Chapter 5                                                                                                        _ 

 80 

 



 

 

Chapter 6 Microbial characterisation of 
interior surfaces of the International Space Station 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S. P. van Tongeren 

J. E. Degener 
H. J. M. Harmsen 

 
 

Department of Medical Microbiology, University Medical Center Groningen,  
University of Groningen, Groningen, The Netherlands 

 
 
 

Manuscript submitted for publication 



Chapter 6                                                                                                        _ 

 82 

Abstract 
 
Characterisation of the microbial contamination of spacecraft such as the 

International Space Station (ISS) is essential for the health and wellbeing of the crew, 
but also to the technical equipment and materials of the spacecraft. To this purpose, 
molecular methods are invaluable for the rapid, easy and on-site microbial detection 
and quantification in spacecraft or comparable environments. In this paper we 
present the results of the ‘SAMPLE’ experiments in which various locations of the 
interior of the Zvezda Service Module of the ISS were sampled and evaluated for 
microbial contamination with Denaturing Gradient Gel Electrophoresis (DGGE), 16S 
rDNA sequencing, clone libraries, quantitative real-time PCR (qrtPCR) and 
conventional culturing techniques. With DGGE, ‘hot spots’, locations of increased 
bacterial activity, could be identified in areas such as the toilet cabin, food 
consumption area, airgrid and computers. Clone libraries constructed from samples 
of the airgrid and nozzle of the potable warm water container showed the presence of 
DNA of bacterial species that were in good agreement with species identified by 16S 
rDNA sequencing in selected bands of DGGE. Quantitative detection of bacterial 
contamination with qrtPCR showed that levels of DNA for selected species on most 
locations were below the bacterial acceptability limit of 104 colony forming units per 
100 cm2, which is in agreement with routine hygiene measures taken aboard the ISS. 
Detection with qrtPCR could identify additional hot spots, such as the wall next to the 
door inside the toilet cabin. With the results presented in this study a map of 
microbial contamination was drawn of surfaces of the ISS interior using molecular 
methods, which included the detection of potential pathogens such as E. coli, the 
pathogen Legionella pneumophila and the technophile Delftia acidovorans. The results 
gain valuable insights into the development of bacterial contamination during the 
later stages of construction and habitation of the ISS. 
 
 
Introduction 
 

The International Space Station (ISS) is a complex orbital living and working 
environment with a controlled atmosphere which forms a unique microbial ecological 
niche12 that encompasses several spaceflight related parameters6 such as microgravity, 
radiation and semi-closed environment. Although the ISS started out as a sterile 
environment, microbes have colonised numerous microbial niches of its interior since the 
beginning of its construction in 1998. Microbial colonisation may originate from various 
sources such as equipments, supplies, the delivery of supplies and the crew themselves, 
who are thought to be the main source of contamination, distribution and means of 
nutrition15,17. 
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Most microbes do not pose a threat to human health and will most likely play an 
important role in making long-term space habitation feasible, for instance in air and water 
purification or solid waste remediation. However, hazardous microbes such as potential 
pathogens and so called ‘technophiles’16,24 can present a serious problem for the health and 
wellbeing of the crew and to the integrity of the equipment and materials of a spacecraft17. 
Technophiles can grow on and deteriorate practically any material and therefore cause 
damage to the equipment, which can lead to severe technical problems16,17. In addition to 
typical growth kinetics and physiology characteristics of a range of microbial species under 
space conditions, such as increased proliferation7-9,12,14, enhanced virulence10,14,26, increased 
antibiotic resistance10,12,14,22, increased mutation rate21,22 and differential gene expression6,26, 
the immune system of man tends to become negatively affected19 which as a whole may 
increase the risk for microbial disease. Characterisation and understanding of the microbial 
contamination of a spacecraft is therefore essential to the health and safety of the crew1,15,17. 

For the detection and quantification of microbes a number of methods can be used. The 
use of conventional culturing techniques has certain disadvantages, especially if this should 
be done rapid, on-site and without the need for specialist expertise15,27. The culturing of 
potentially hazardous microbes is not always desirable, especially at a remote location such 
as a space station where medical facilities are absent. Moreover, many microbes are 
difficult to culture or uncultivable which hampers their detection.  Many of the problems 
encountered by conventional culturing techniques are overcome by molecular methods27. 
Since molecular methods are also able to detect microbes that are difficult to culture, 
evaluation of microbial contamination by molecular methods will present a different view 
on microbial activity onboard the ISS than what was found previously by culturing11,15. A 
rapid and sensitive molecular method with a high specificity for the detection and 
quantification of DNA is quantitative real-time PCR (qrtPCR)3. Denaturing Gradient Gel 
Electrophoresis (DGGE) has frequently been used to study the dynamics and diversity of 
bacterial communities25,27.  

The aim of this study was to map the dynamics of microbial contamination on surfaces 
of the interior of the Russian Zvezda Service Module of the ISS by using molecular 
methods, including the identification of so called ‘hot spots’, i.e. locations of increased 
microbial activity, and to evaluate which microbial species might be advantaged from the 
spaceflight conditions in the ISS. To this purpose, samples taken during four missions to 
the ISS as part of the European Space Agency (ESA) ‘SAMPLE’ experiments24 were 
evaluated with the aid of molecular methods such as DGGE, 16S rRNA gene sequencing, 
qrtPCR and clone libraries.  
 
 
Materials and Methods 
 
1. Sampling systems 
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Two types of sterilised systems (Copan Italia S. p. A. Diagnostics Inc., Brescia, Italy) 
were used for microbial sampling: (i) a Swab Rinse Kit (927C SRK) tube with a double 
Dacron® applicator and (ii) a system developed for the transport of live bacteria (140C). For 
improved sampling efficiency, the type (i) swabs were pre-moistened with 55μl of sterile 
0.9 % physiological salt solution (B. Braun Melsungen AG, Melsungen, Germany) using 
DNA-free laboratory techniques. Tubes were subsequently assembled in a SAMPLE 
Collection Kit. 
 
2. Procedures for the collection, storage and transport of microbial surface samples 

Sampling took place during four spaceflight missions to the ISS in 2004, 2005, 2006 
and 2007, designated the SAMPLE 1 , 2, 3, and 4 experiments, respectively24.  

To collect microbial samples for molecular analysis, thirty-five selected locations of the 
interior of the Russian Zvezda Service Module (DOS-8) of the ISS were sampled in 
duplicate using the type (i) sampling system. The sampling sites were roughly grouped into 
zones representing presumed distinct microbial niches, such as computers, human contact 
areas, walls, toilet cabin and technical equipment. Among the selected locations were sites 
where a lot of contact took place between crew and surface. In addition, wall panels and 
other places were sampled where condensation might create moist surfaces. Furthermore, 
locations were sampled such as electrical wires that produce heat which might favour 
microbial growth. In SAMPLE 3 and 4, the number of sampled locations was reduced 
following the criterion of microbial activity. 

For the collection of live microbes for analysis with culturing techniques, a few 
locations were sampled with the type (ii) sampling system. To facilitate the transport of live 
microbes, these tubes were stored and transported to the microbiology laboratory on Earth 
at the University Medical Center Groningen under preserving temperature conditions (~4-
10°C) as much as possible. A SAMPLE Collection Kit integrated SmartButton temperature 
logger registered temperature fluctuations in proximity of the samples, of which data were 
analysed with SmartButton ReaderTM software (http://www.acrsystems.com). 
 
3. Ground-based sample processing 

All culture media were obtained locally (Mediaproducts BV, Groningen, The 
Netherlands). Samples were processed using DNA-free laboratory techniques.  

For samples taken with the type (i) swab system, the procedure was as follows. Swabs 
were cut and put each in a 5 ml conical tube containing 1.0 ml of phosphate buffered saline 
(PBS) and a few glass beads (4 mm). Tubes were vigorously shaken for 20 seconds, 
incubated for 10 minutes at 4°C and vigorously shaken for another 10 seconds. Only three 
of four swab suspensions were used per location. For DNA extraction, 500 μl of each of the 
suspensions was stored at -20°C.  Negative controls were prepared by processing unused 
swabs in the same manner as described above. 

For samples taken with the type (ii) swab system, the procedure was as follows. Swabs 

http://www.acrsystems.com/
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were cut and put each in a 5 ml conical tube containing 500 µl sterile 0.8 % physiological 
salt solution and a few glass beads (4 mm). The tubes were rigorously shaken for 20 
seconds, incubated for 10 minutes at 4°C after which the tubes were rigorously shaken for 
another 10 seconds. The suspensions were plated and cultivated for 1-2 days on Blood Agar 
(BA) (37°C), MacConkey Agar (MC) (37°C), Esculin Agar (37°C), Sabouraud Agar 
(~20°C and 28°C), and Iso-Sensitest Agar (~20°C and 28°C). Swabs were removed from 
the tubes, added to Fastidious Broth and incubated for 1-2 days at 37°C, after which the 
suspensions were plated and cultivated on BA and MC for another 1-2 days at 37°C. 
Isolates with a distinct colony morphology were maintained in MicrobankTM tubes (Pro-Lab 
Diagnostics) at -80°C and further cultivated overnight on BA plates at 37°C for various 
analyses. 

 
4. DNA extraction and purification for analysis by qrtPCR and DGGE 

The FTA® Elute method (Whatman plc., Maidstone, UK)23 was used to extract DNA 
directly from samples, without prior cultivation, according to the instructions of the 
manufacturer. DNA was extracted directly from samples according to the method of 
Reischl et al.18 for DGGE and the Pseudomonas sp. qrtPCR assay, and stored at -20°C. 

 
5. DGGE fingerprinting 

PCR procedures were performed using DNA-free laboratory techniques. 
 
PCR methods 

A fragment of the 16S rRNA genes of bacterial community genomes was amplified 
with eubacterial primers 533r and 341fGC (Supplementary Table 1, page 75). For PCR 
either 5 µl of target DNA, or for negative controls no target DNA, was amplified in a total 
volume of 50 µl containing 1.25 U TaqTM HS DNA polymerase, PCR buffer, 0.2 mM 
dNTP mixture, 0.4 µM of each primer and water (AccuGENE® Molecular Biology Water, 
Lonza Group Ltd,  Basel, Switzerland). PCR kits were obtained from Takara Bio Inc. 
(Otsu, Japan). A TGradient Thermocycler (Biometra GmbH, Göttingen, Germany) was 
used for amplification with a profile of 94°C for 2 min, followed by 30 cycles of 94°C for 
45 s, 49°C for 30 s and 72°C for 1 min and one cycle of  72°C for 5 min. Electrophoresis 
was performed through an ethidium bromide stained 1.0 % (w/v) agarose gel (Eurogentec 
S. A., Seraing, Belgium) in TAE buffer20 to confirm amplification of PCR products of the 
proper size. 
 
Generation of bacterial markers 

From a selection of strains isolated from samples of cosmonauts and the ISS interior, 
bacterial markers were prepared by PCR as described above. The strains were identified by 
culturing techniques which was  confirmed by 16S rRNA gene sequence analysis. 
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DGGE methods 
DGGE was performed at 60° with an INGENYphorU system (Ingeny International BV, 

Goes, The Netherlands). To analyze PCR fragments, eight percent (w/v) polyacrylamide 
gels with a denaturant gradient from 35% to 65% were used and electrophoreses were run 
for 17 h at 130V. From the silver-stained gel bands of interest were excised, added to 50 μl 
water (Lonza Group Ltd) of which DNA was eluted by vigorously shaking for 10 s, 
incubation for 12-18 h at 50 °C and vigorously shaking for another 10 s. The PCR products 
were sequenced (BaseClear BV, Leiden, The Netherlands) after re-amplification as 
described above, by using primer 533r with proprietary in-house protocols. Sequences were 
determined and aligned with the aid of Chromas Lite v2.01 
(http://www.technelysium.com.au) and BioEdit Sequence Alignment Editor v7.0.8.05 
software, respectively, and  identified by online BLASTN28 and RDP102 database searches. 
A CanonScan LiDE 25 system (Canon Inc, Tokyo, Japan) was used for digitally capturing 
the images of the silver-stained gel with a resolution of 300 dpi. 
 
6. Clone Libraries 

A total of six clone libraries were generated from triplicate samples taken during each of 
the SAMPLE 2, 3 and 4 experiments of the airgrid right to the toilet cabin door and the 
nozzle and surrounding of the Russian potable warm water container. 16S rRNA genes of 
bacterial community genomes were amplified by PCR (Baseclear BV). Successful PCR’s 
of the triplicates were pooled and cloned into a standard vector (pGEM-T Easy, Promega). 
Of each cloned PCR product, ninety-six clones were sequenced with two 16S rRNA 
primers. PCR, cloning and sequencing of the samples was performed using proprietary in-
house protocols (Baseclear BV). A neighbour-joining phylogenetic tree based on near full-
length 16S rRNA gene sequences of the three clone libraries of each location was 
constructed with the ARB software13. 

 
7. QrtPCR 
 
Generation of qrtPCR standards 

Of the reference strains Staphylococcus aureus ATCC 25923, Staphylococcus 
epidermidis ATCC 12228, Escherichia coli ATCC 11775, Propionibacterium acnes DSM 
1897, Pseudomonas aeruginosa ATCC 27853 and Legionella pneumophila ATCC 33155, 
standard curves of mean qrtPCR threshold cycles (Ct) were prepared with triplicate 
replicates of serial dilutions of purified bacterial genomic DNA (i. e. for E. coli and P. 
acnes two series prepared from two unique DNA solutions and for the other species three 
series prepared from one unique DNA solution). A NanoDrop® ND-1000 
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) was used to 
determine the purity and concentration of DNA derived from these species. With these 
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standard curves the amount of bacterial DNA in samples was estimated under identical 
PCR conditions. 
 
QrtPCR methods 
To amplify specific regions of S. aureus, S. epidermidis, E. coli, P. acnes, Pseudomonas sp. 
and L. pneumophila genomes, six TaqMan PCR assays were used. All assays were 
validated and checked for complementarities with other than the target organisms by 
BLAST analysis28. All primers, double-dye probes and qrtPCR-kits were obtained from 
Eurogentec S. A. (Supplementary Table 1, page 75). QrtPCR reactions were performed in a 
total volume of 30 µl containing 3 µl target DNA, PCR Reaction Buffer (Smart™ Kit No 
ROX), primers, probe and water (Lonza Group Ltd). The end concentration of each primer 
was 150 nM, except for 240 nM for the PA-F/R primers. Of the P-UIDA, Pseudomonas and 
mip-Lpn0941P probes the end concentration was 300 nM, of the Sta59bTQ probe 80 nM 
and of the PA-TAQ probe 248 nM. A Smart Cycler® System (Cepheid, Sunnyvale, USA) 
was used to carry out amplification and real-time detection starting with a profile of 50°C 
for 2 min and 95°C for 10 min. This was followed by 45 cycles of 95°C for 15 s and 60°C 
for 60 s for the S. aureus, S. epidermidis, E. coli, P. acnes and L. pneumophila assays. For 
the Pseudomonas assay it was followed by 45 cycles of 95°C for 10 s, 62°C for 1 min and 
72°C for 15 sec. Negative controls were performed for every qrtPCR assay by running 
reactions without the addition of template DNA. 
 
QrtPCR data analysis 
For each qrtPCR assay, the quantification limit per reaction was determined as the lowest 
concentration on the linear part of the standard curve at which 7 out of 9 reactions or more 
gave a positive result. The cut-off level was determined by the quantification limit or by the 
value of a negative control in case it had a positive result. A Ct equal to the mean Ct 
(+1s.d.) of the quantification limit was assumed for data analysis, in case a Ct of zero 
(negative result) or above the mean Ct (+1s.d.) of the quantification limit was measured.  
The average DNA level per sample was calculated by averaging DNA levels per reaction 
(log fg) of triplicate samples and subsequent multiplication with the sample dilution factor. 
 
8. Phenotypic and biochemical identification of isolated bacterial strains 
Isolates were identified from pure cultures using the API® system (bioMérieux Inc., Marcy 
l’Etoile, France), standard culturing techniques4 and an automated VITEK® 2 system 
(bioMérieux Inc.). 
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Figure 1. DGGE profiles of samples of the Zvezda Module of the ISS taken at: (A) locations in the toilet cabin and 
food consumption area. Species with the highest sequence similarity to determined nucleotide sequences of bands 
numbered 1 to 22 in the figures (accession numbers are given in parentheses): 1. Enhydrobacter sp. 2. Streptococcus 
sp. 3. Lactobacillus delbrueckii DSM 20074T (M58814) 4. Staphylococcus sp. 5. Streptococcus sp. 6. Lactococcus 
lactis (M58837, M58836, EU091462) 7. Streptococcus salivarius ATCC 7073T (AY188352), S. vestibularis ATCC 
49124T (AY188353) 8. Delftia acidovorans LMG 1226T (EU024145). 9. Streptococcus thermophilus ATCC 19258T 
(AY188354) 10. Sphingomonas yabuuchiae GTC 868T (AB071955), S. sanguinis  IFO 13937T (D13726), S. 
roseiflava MK341T (D84520), S. paucimobilis ATCC 29837T (U20776) 11. Microbacterium arborescens DSM 
20754T (X77443), M. phyllosphaerae DSM 13468T (AJ277840), M. hydrocarbonoxydans DSM 16089T (AJ698726), 
M. hominis DSM 12509T (AM 181504). 
 
Results 
 

Results of DGGE analysis of samples taken from the interior of the Zvezda Module 
showed bacterial contamination in a number of the samples giving distinct DGGE profiles 
with a few clear bands, such as from a lamp, wall panel, and some handle bars. More 
pronounced were DGGE profiles of locations with increased bacterial activity, such as 
locations in the toilet cabin, the airgrid right to the toilet cabin door, the food consumption 
area and technical equipment (Fig. 1A and 1B). Prominent bands of the profiles were 
identified by sequence analysis, as shown in Fig. 1A and 1B, and could provide detailed 
information about the bacterial contamination in these hot spots. 

 
 

A 
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Figure 1. (B) locations of technical equipment and airgrid. 12. Corynebacterium tuberculostearicum ATCC 
35692T (X84247) ‘C. pseudogenitalium’ CIP 106714 (AJ439348) C. confusum DMMZ 2439T (Y15886) C. 
ureicelerivorans IMMIB RIV-2301TT (AM397636) 13. Haemophilus parainfluenzae CIP 102513T (EU083530) 
14. Peptoniphilus gorbachii WAL 10418T (DQ911241), Peptoniphilus asaccharolyticus ATCC 29743 
(DQ986463) 15. Granulicatella adiacens GIFU 12706T (D50540) 16. Streptococcus sp. 17. Streptococus sp. 18. 
Neisseria subflava NJ9702 (AF479577), Neisseria perflava U15 (AJ239295) 19. Streptococcus thermophilus 
ATCC 19258T (AY188354) 20. Micrococcus lylae DSM 20315T (X80750) 21. Rothia mucilaginosa 22. 
Corynebacterium kroppenstedtii CCUG 35717T (Y10077). 
 

As shown in Fig. 2, the results of the clone libraries generated from samples taken from 
the airgrid right to the toilet cabin door and the nozzle and surrounding of the Russian 
potable warm water container were in good agreement with those of the sequence analysis 
of DGGE bands. In samples of the airgrid right to the toilet cabin door, various taxa were 
identified such as Neisseriaceae, Streptococcus sp., Granulicatella sp., Peptoniphilus sp. 
and Corynebacterium sp., as confirmed by both methods. The nozzle and surrounding of 
the Russian warm water container appeared to be contaminated with bacteria of taxa such 
as the Sphingomonas paucimobilis group, Lactobacillus sp., Lactococcus lactis, 
Streptococcus sp., Streptococcus thermophilis group, Microbacterium sp. and Delftia sp. 
The results of the clone libraries also showed the abundant presence of Aquabacterium sp. 
sequences in both samples of the airgrid as well as the nozzle of the warm water container. 

With quantification of bacterial contamination by qrtPCR, only selected bacterial  

B 
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Figure 2. Neighbour-joining phylogenetic trees based on near full-length 16S rRNA gene sequences of clone 
libraries constructed from samples taken during the SAMPLE 2, 3 and 4 experiments from two locations of the 
interior of the Zvezda Module of the ISS with increased bacterial activity: (A) the airgrid and (B) the nozzle and 
surrounding of the Russian potable warm water container. Boxes indicate multiple clones, the dimensions the diversity 
within the group. Numbers show the total number of clones, a branch with no number indicates a single sequence. 
Bar, 10 % sequence divergence. 
 
species are detected. Standard curves, R2 and E values for all qrtPCR assays are shown in 
Supplementary Figs. 1-6 (page 78-80). For most locations the average level of bacterial 
DNA of selected species was  below 1 × 105 fg, as determined by qrtPCR (Fig. 3A, 3B and 
3C). This amount of DNA would correspond with approximately 2 × 104 bacterial cells, as 
calculated from the chromosomal weight (~5 fg). Most locations were contaminated with S. 
epidermidis and P. acnes DNA, whilst S. aureus DNA was only detected on the 
cosmonaut’s hands. In the airgrid right to the toilet door, S. epidermidis and P. acnes DNA 
was found, in agreement with results from the clone libraries. No DNA was detected in the 
nozzle and surrounding of the Russian warm water container of any of the species 
measured by qrtPCR. Quantification by qrtPCR revealed an additional hot spot for the 
selected species, the wall next to the door inside the toilet cabin. This location was shown 
to be contaminated in SAMPLE 2 by S. epidermidis and P. acnes DNA, like most 
locations,  but more importantly, by E. coli DNA and that of the pathogen L. pneumophila. 
As a common inhabitant of the human gut, the potential pathogen E. coli can be regarded as 
an indicator of faecal contamination. More specifically, the detected level was 5 × 104 fg of 
DNA for L. pneumophila, which can be considered as an undesired level of bacterial 
contamination by this species. In addition, in SAMPLE 2, a lamp was contaminated with E. 
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coli DNA and the handrail in the toilet cabin with the highest level of P. acnes DNA. 
Pseudomonas sp. DNA was not detected in any of the samples, with a limit of detection of 
3.44 log fg DNA per sample. The highest level of S. epidermidis DNA was found in the 
airgrid right to the toilet door in SAMPLE 2, but surprisingly, none was detected in the 
airgrid left to the toilet door. 

In addition to molecular methods, some locations were also evaluated for bacterial 
contamination with culturing techniques, as shown in Table 1. Overall, many species of the 
skin flora were isolated with culturing techniques, such as of the genus Staphylococcus. In 
addition to species detected with the molecular techniques, several spore-forming bacterial 
species could be isolated with culturing techniques from the nozzle and surrounding of the 
warm water container, such as Bacillus subtilis and Bacillus cereus. In SAMPLE 2, several 
gut microbiota species such as E. coli were isolated from the edge around the plastic bag 
and seat of the toilet. 
 
 
Discussion 
 

During the early stages of construction and habitation of the ISS, the microbiota of  air, 
water and surface samples was examined providing a baseline of microbial contamination1. 
Previous reports have relied on the use of culturing of isolates prior to identification to map 
microbial contamination of the ISS11,15. With the results of this study a detailed map of 
microbial contamination of the Zvezda Module of the ISS at later stages of construction and 
habitation was made by using molecular methods without prior culturing. Overall, the 
detected bacterial levels were in agreement with routine hygiene measures taken aboard the 
ISS aimed to keep bacterial levels below the bacterial acceptability limit of 104 colony 
forming units per 100 cm215,17. At most locations, skin flora such as S. epidermidis and P. 
acnes was detected, which is in agreement with the results of previous studies1,15. In some 
areas hot spots were localised which would be good candidates for routine surface 
monitoring of hazardous bacteria. The number of locations that were sampled could be 
limited in SAMPLE 3 and 4 to locations with increased bacterial activity. Examples of hot 
spots found in the Zvezda Module included locations in the toilet cabin, the airgrid right to 
the toilet cabin door, the food consumption area and technical equipment. Instead of area 
specific, microbial ecological niches within the ISS appeared to be rather location specific 
as shown by the variations in microbial activity. Samples from the airgrid contained 
significant amounts of skin flora DNA, giving an indication of the airborne microbes that 
dwell in the ISS. The nozzle and surrounding of the potable warm water container were 
colonised with an abundance of bacterial species, mainly with oral flora. The nozzle of the 
warm water container was also contaminated with potential pathogens such as E. coli, an 
indicator of faecal contamination, however with levels below the acceptability limit of 
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Figure 3. Quantification of the level of bacterial DNA on locations of the interior of the Zvezda Module of 
the ISS by qrtPCR, during three spaceflight missions to the ISS in the (A) SAMPLE 2 (B) SAMPLE 3 and 
(C) SAMPLE 4 experiments. Limits of detection: S. epidermidis 4.40 log fg DNA/swab; S. aureus 4.38 log fg 
DNA/swab; E. coli 4.14 log fg DNA/swab; P. acnes 4.75 log fg DNA/swab; L. pneumophila 4.30 log fg 
DNA/swab. 
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Table 1. Bacterial isolates from locations of the interior of the Zvezda Module of the ISS. Abbreviations: TS, 
around the plastic bag and seat of the toilet; FH, surface of the Russian food heater; HB, handle bar of table; NZ, 
nozzle and surrounding of the Russian potable warm water container. 
Species SAMPLE 2 SAMPLE 3 SAMPLE 4 
 TS FH HB TS FH HB NZ NZ 
Acinetobacter lwoffi  +       
Acinetobacter radioresistens + + +      
Aeromonas hydrophila  +       
Aerococcus viridans  + +      
Bacillus cereus & related species       + + 
Bacillus subtilis & related species       +  
Brevibacillus brevis    +     
Chryseobacterium sp.        + 
Chryseomonas luteola  +       
Enterobacter cloacae    +   +  
Enterococcus faecalis +        
Enterococcus faecium       +  
Escherichia coli +        
Gemella haemolysans  +       
Gemella morbillorum +        
Lactobacillus sp. +        
Kocuria kristinae       +  
Kocuria varians   +      
Microbacterium sp.        + 
Micrococcus sp. + + +     + 
Paenibacillus sp.        + 
Sphingomonas paucimobilis  +       
Staphylococcus aureus   +      
Staphylococcus auricularis  +       
Staphylococcus capitis  + +      
Staphylococcus epidermidis +  +  + +   
Staphylococcus haemolyticus         
Staphylococcus hominis  +       
Staphylococcus lentus   +      
Staphylococcus lugdunensis         
Staphylococcus saprophyticus   +  +    
Staphylococcus warneri +        
Staphylococcus sciuri  +       
Staphylococcus xylosus  +       
Stenotrophomonas maltophilia  +  +   +  
         
Yeast +      +  

 
bacterial contamination17 and in addition, species such as Delftia acidovorans, a known 
technophile. In the toilet cabin, the wall next to the door was contaminated with skin flora, 
but also with E. coli and the pathogen L. pneumophila. Samples of a few locations that were 
analysed with culturing techniques showed the presence of several taxa, including genera 
such as Staphylococcus sp., Micrococcus sp. and Bacillus sp., which is consistent with 
previous studies15,17. One of the factors that initiates growth of microbes is condensate of 
atmospheric moisture in habitable pressurised cabins16, but as shown in this study, also 
moisture such as originates from for instance the nozzle of potable warm water containers, 
the latter at which both moisture, air, and warmth are present. To prevent bacterial 
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contamination, measures can be taken to prevent direct human contact with locations that 
are susceptible to bacterial colonisation such as the nozzle of the warm water container. 
Cosmic factors capable of initiating quantitative shifts in the microbiota of spacecraft such 
as the ISS are thought to be fluctuating changes in solar activity, the level of radiation and 
gradients of magnetic fields 16. 

The evaluation of samples of the SAMPLE spaceflight experiments by molecular 
methods provided valuable insights in the amounts and diversity of the microorganisms in 
the Zvezda Module of the ISS and shows the suitability of the used methods for the 
characterisation of the microbiota. In addition to the advantages of molecular methods for 
on-site detection and quantification of microbes as mentioned before, they also have 
advantages for the analysis of samples that need to be transported from a remote location 
such as the ISS, to for example a specialised microbiology laboratory on Earth. Molecular 
methods are more robust as opposed to culturing techniques which require special storage 
and transport conditions for the culturing of live cells, such as microbial transport medium, 
cooling facilities and the shortest possible transport time to prevent cell death or growth, 
requirements which are difficult to realise for space samples. Detection with conventional 
culturing techniques may therefore create a bias towards Gram-positive bacteria and spore-
formers, which are more robust to withstand the transportation to the Earth laboratory. 
Furthermore, molecular methods such as qrtPCR report clumped-cell numbers accurately, 
in contrast to plate-counts by culturing. There are also a few limitations to the use of 
molecular methods. During previous surveys of the ISS, spore formers of the genus 
Bacillus were found to be the second most identified species (31.7 %) by using culturing 
techniques15. In contrast, Bacillus sp. were not detected with the molecular methods in this 
study, which may be due to limited detection of spores by the used methods. An additional 
limitation to using molecular methods is that these can not distinguish between viable and 
non-viable cells, however the presence of bacterial DNA is a clear indicator of microbial 
activity that has occurred.  

For the rapid and easy detection and quantification of hazardous microbes at remote 
locations such as the ISS molecular methods such as qrtPCR are very suitable, as was 
shown in this study, with the potential for further development. With the used molecular 
methods a map of microbial contamination, which included common human microbiota, 
(potential) pathogens and technophiles, of the interior of the Zvezda Module of the ISS 
could be made and hot spots identified which gained valuable insights in the dynamics of 
microbial contamination. 
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A Gram-positive, motile, rod-shaped, endospore-forming facultative aerobic bacterial 
strain was isolated from the interior of the Russian Zvezda Service Module of the 
International Space Station (ISS). Whereas morphological and biochemical 
characterisation suggested that the strain represents a novel taxon, 16S rRNA gene 
cloning and sequence analysis further supported the proposal of a novel species. 
Phenotypic characteristics of the strain showed a low discriminative identification 
with respect to known bacterial species, with the highest similarity to Brevibacillus 
centrosporus. 16S rRNA gene cloning revealed the existence of at least 10 distinct types 
of 16S rRNA genes, differing most prominently at 65 nucleotide positions in 5 variable 
regions. Remarkably, the sequence similarity among the strain’s 16S rRNA gene 
sequences was 95.7-98.0 %, whilst their similarity with the strain’s closest relative 
Bacillus horneckiae sp. nov. was 96.2-97.8%. Phylogenetic analysis grouped the 
strain’s 16S rRNA gene sequences as a cluster within the genus Bacillus separate from 
already described species. Based on the phenotypic characteristics, the intragenomic 
heterogeneity of the 16S rRNA genes and the results of phylogenetic analysis of the 
16S rRNA gene sequences, this strain represents a novel species of the genus Bacillus, 
for which we propose the name Bacillus zvezdaensis sp. nov. The type strain for this 
species is S3-R6TC-BA1T (= DSM 23220T = CIP 110084T). 
 
 

Characterisation and understanding of the microbial contamination of a spacecraft such 
as the International Space Station (ISS) is essential to secure the health and wellbeing of 
the crew14. Previous investigations of the ISS environment14 showed that the secondly most 
common identified bacterial species were spore-formers of the genus Bacillus (31.7 %), of 
which Bacillus sphaericus (12.1 %), Bacillus subtilis (7.9 %) and Bacillus pumilus (7.9 %) 
were the most prevalent. Novel Bacillus species have been isolated from spacecraft-
associated surfaces on Earth, such as Bacillus nealsonii22, Bacillus odysseyi7, Bacillus 
safensis16 and most recently Bacillus horneckiae sp. nov.20. A few studies have reported on 
the isolation of novel species from a space station in orbit, the Mir9-11. For the purpose of 
investigating the bacterial microbiota as part of a Microgravity Applications Programme 
(MAP) of the European Space Agency and in particular the ‘SAMPLE’ experiments21, 
samples were collected from the interior of the ISS in orbit. It was found that one of the 
isolated strains (S3-R6TC-BA1T) represented an unidentifiable species of the genus 
Bacillus. The present study describes the isolation and phylogenetic affiliation of the novel 
strain S3-R6TC-BA1T, found in a sample taken from the interior of the Russian Zvezda 
Service Module (DOS-8) of the ISS, and proposes the novel species Bacillus zvezdaensis 
sp. nov. 

The ISS is a spacecraft with a regulated atmosphere that forms a unique microbial 
ecological niche which encompasses numerous spaceflight related parameters such as 
microgravity, radiation and closed environment6. Samples were collected from various 
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locations of the interior of the Zvezda Module using a sampling system developed for the 
transport of live bacteria (140C; Copan). The samples were stored and transported to the 
microbiology laboratory on Earth at the University Medical Center Groningen under 
preserving conditions such as temperature (~4-10 °C) and minimal transport time as much 
as possible. Subsequently, the samples were resuspended in sterile physiological salt 
solution (0.85 % (w/v) NaCl), plated on Blood Agar (BA; Mediaproducts) and incubated 
for 1-2 days at 37°C. 

Strain S3-R6TC-BA1T was isolated from a sample taken from the edge around the toilet 
of the Zvezda Module. The strain was maintained in MicrobankTM tubes (Pro-Lab 
Diagnostics) at -80 °C and further cultivated overnight on BA plates at 37°C for various 
analyses. Young colonies were greyish-beige, dull, circular and slightly raised with 
irregular margins (Supplementary Fig. S1). The strain consisted of Gram-positive, rod-
shaped, motile cells that occurred singly or in chains (Fig. 1) on Gram-stained images 
(Olympus BX40). Sporulation of the strain occurred readily after a few days of incubation 
showing vegetative cells with subterminal endospores in swollen sporangia (Fig. 1). 
However, unlike the recently proposed B. horneckiae sp. nov.20, spores of the novel strain 
were not observed to exhibit a tendency to attach to one another. 
 

 
Figure 1. Photomicrographs of Bacillus zvezdaensis sp. nov. S3-R6TC-BA1T, showing vegetative cells with 
and without subterminal endospores that swell the mother cell and free spores. Gram-stained image of (a) 24 h old 
and (b) 3 d old culture. Bars, 5μm. 
 

The isolated strain was phenotypically characterised from pure culture with the aid of 
the API® system (bioMérieux) according to the manufacturer’s instructions. The 
characteristics useful for differentiating the novel strain from related species are listed in 
Table 1. Anaerobic acid production from carbohydrates and derivatives was determined 
with the API® 50 CHB tests. The API® 20 E tests were used to test for ß-galactosidase 
(ONPG), arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate  
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Table 1. Differential characteristics of B. zvezdaensis sp. nov. S3-R6TC-BA1T and type strains of related 
species.  
Strains: 1, B. zvezdaensis sp. nov. S3-R6TC-BA1T; 2, B. brevis DSM 30T; 3, B. horneckiae sp. nov. (data from Vaishampayan et 
al., 2010); 4, B. shackletonii CIP 107762T; 5. B. pocheonensis Gsoil 420T (data from Ten et al., 2007); 6, Bacillus sp. CIP 106662; 
7, B. bataviensis DSM 15601T; 8, B. drentensis CIP 108808T. All data were obtained in this study, unless otherwise indicated. +, 
Positive; (+), weak reaction; -, negative; ND, not determined. 
Character 1 2 3 4 5 6 7 8 

Chains of cells + − ND − + − −* (+) 

Motility (+) + + (+) − (+) (+) −* 

Anaerobic growth (+) − − − − + (+) + 

Growth at 50 °C (+) (+) − + − (+) (+) (+) 

Growth in 6.5% NaCl − − + − + − − − 

Acid from:         

    L-arabinose − − − − (+) + − − 

    D-cellobiose − − − −* ND + (+) − 

    D-fructose − − − − ND + + + 

    D-galactose − − − − ND (+) (+) (+) 

    D-glucose − − − −* − + + + 

    D-lactose − − − − ND − −* + 

    D-maltose − − − − ND + + (+) 

    D-mannitol − − − − − + (+) − 

    D-mannose − − − − ND + + −* 

    D-melezitose − − − − ND + + (+) 

    D-ribose − − − − ND + (+) − 

    D-trehalose − − − − ND + + − 

    D-turanose − − − − ND + + + 

    D-xylose − − − − ND + − − 

    Esculin ferric citrate − − − + + + + + 

    Gentiobiose − − − − ND − + − 

    N-acetylglucosamine − − − −* ND + + + 

    Salicin − − − −* ND + − (+) 

Maltotriose − − ND − ND + + + 

Palatinose − − ND − ND + + − 

Nitrate reduction + − + − + + + − 

Gelatinase − − + − − − −* − 

Casein hydrolysis − − ND − − + − +* 

Oxidase + ND − ND + ND ND ND 

Alanine arylamidase + − ND − ND + + − 

L-aspartate arylamidase + − ND − ND − − − 

Leucine arylamidase + + − − ND − + − 

Phenylalanine arylamidase + + ND (+) ND − + + 

L-pyrrolydonyl-arylamidase + + ND + ND − − − 

α-galactosidase − − − + ND − − + 

ß-galactosidase (ONPG) − − − + − + + + 

ß-N-acetyl-glucosaminidase + + ND + ND − + + 

α-glucosidase + − − − ND (+) − − 
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Table 1 continued         

ß-glucosidase − − − + ND − − − 

ß-xylosidase − − ND − ND + − − 

Ellman + − ND − ND (+) − (+) 
*Result may differ from the literature. 

 
utilisation, hydrogen sulphide production, urease, tryptophane deaminase, indole 
production, acetoin production, gelatinase and nitrate reduction. Additional tests were 
performed by using standard culture-based techniques2 and the VITEK® 2 Systems Bacillus 
identification card (BCL) (bioMérieux). Gelatinase and citrate utilisation were confirmed 
with culture-based techniques. Growth at 6.5% (w/v) NaCl was determined with the BCL 
card and confirmed with culture-based techniques by 24 h incubation in Brain Heart 
Infusion broth (BHI; Mediaproducts) supplemented with NaCl. In contrast to B. horneckiae 
sp. nov., which is able to grow in 0-10 % (w/v) NaCl, the novel strain was not able to grow 
in 6.5 % (w/v) NaCl. Growth at different temperatures was determined by plating on BA 
and incubation at 20, 37, 50 and 65°C. The novel strain showed growth at 20-50 °C after 
24h of incubation, but not at 65 °C. Anaerobic growth was tested for by cultivation on 
Brucella Blood Agar (BBA; Mediaproducts) under a nitrogen atmosphere. The novel strain 
grew well under aerobic and poorly under anaerobic conditions. Phenotypic characteristics 
that readily distinguish the novel strain from its closest relative B. horneckiae sp. nov. are 
no growth at 6.5% (w/v) NaCl, large spores with swollen sporangia, no attachment of 
spores to one another and no gelatine liquefaction. 

The identification profile, as determined by the API® 50 CHB and 20 E system, showed 
a low discrimination with the highest similarity to taxa of two different genera: 20.6 % to 
non-reactive Bacillus sp. (i.e. B. sphaericus, Bacillus fusiformis or Bacillus badius) and 
77.3 % to non-reactive Brevibacillus sp. (i.e. Brevibacillus choshinensis, Brevibacillus 
centrosporus, Brevibacillus borstelensis or Brevibacillus brevis). The VITEK® 2 system 
identified the novel strain with high probability (98%) as B. choshinensis, whilst it could 
not identify the strain’s close relative Bacillus sp. CIP 106662 as a member of any known 
species. Furthermore, phenotypic identification of the strain using the technique of Reva et 
al.15 showed the highest similarity to B. centrosporus. 

PCR amplification and bidirectional sequencing of the 16S rRNA gene (rrs) was 
performed on duplicate cultures of strain S3-R6TC-BA1T by proprietary in-house protocols 
(BaseClear, Leiden, The Netherlands). Nucleotide sequences were aligned (Supplementary 
Fig. S2) by using the BioEdit Sequence Alignment Editor version 7.0.8.04. The rrs 
sequences were compared to existing sequences available in the online databases using 
BLAST24. A phylogenetic tree based on the neighbour-joining method was constructed 
with the ARB software13. For both duplicates of the novel strain, part of the rrs sequence 
(Escherichia coli positions 470-1449, ~980bp) could be obtained, however, due to multiple 
signals in the remainder of the sequence, it was not possible to obtain the full sequence 
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(Supplementary Fig. S2). The remainder of the sequence that could not be obtained 
included the hypervariant region (HV) for Bacillus (E. coli positions 70-344), which, as 
suggested by Goto et al.3, is highly species-specific. The sequenced 980 bp fragment, which 
was identical in both duplicates, identified the strain as a member of the genus Bacillus 
with ≥3% of dissimilarity with the type strains of Bacillus species with a validly published 
name.  
 
Table 2. Variations (A to J, K to N) in variable regions of 16S rRNA gene sequences of B. zvezdaensis sp. 
nov. S3-R6TC-BA1T. 
E. coli position 69-100 184-194 203-212 461-471 1450-1454 
Clone 1 A C E F J 
Clone 9 A C N F J 
Clone 5 A C E G K 
Clone 4 A D M F K 
Clone 10 A D M G J 
Clone 6 B C N G J 
Clone 2 B D L F  
Clone 3 B D N G K 
Clone 7 B D L G K 
Clone 8 B D L G J 
*Bold, hypervariable. 
 

In order to obtain full rrs sequences of strain S3-R6TC-BA1T, the rrs gene was 
subsequently subcloned in a pGEM-T vector after which the inserts of ten clones were 
bidirectionally sequenced (BaseClear). Nine of the cloned sequences were near full length 
and suitable for phylogenetic analysis, except from that of clone 2 (Supplementary Fig. S2). 
Remarkably, the sequence of all clones appeared to be distinct. The existence of multiple 
rrs gene copies is a trait not uncommon to members of the genus Bacillus, which average 
12 copies per genome8. Strain S3-R6TC-BA1T appeared to possess a high intragenomic 
heterogeneity of rrs genes. Analysis with DNADist4 showed low sequence similarities 
amongst the strain’s rrs sequences of 95.7-98.0%. More specifically, differences between 
the sequences were non-random and most prominent in variations of 65 nucleotides in five 
variable regions, as shown in Table 2. The variations are consistent with 16S rRNA 
secondary structure helices H61, H184, H198, H441 and H1399 numbered as described by 
Cannone et al. in 20021, suggesting that all 16S rRNA molecule types are functional. 
Additionally, the sequences of clone 6 and clone 2 had twelve single nucleotide variations 
in common in the region between E. coli positions 471-1450 as compared to the other 
clones which supports the validity of the sequence of clone 6. Although it is generally 
believed that the intragenomic rRNA gene copies of an organism have nearly identical 
sequences, differences are known, such as of the eubacterium Thermobispora bispora with 
a 7.2 % sequence dissimilarity between its 16S rRNA genes8,23. Wang et al.23 suggested that 
the possession of different types of an rRNA gene in an organism may serve some unknown 
but essential biological functions. Nonetheless, the cloned rrs sequences of strain S3-
R6TC-BA1T formed a separate cluster supported by high bootstrap values (Fig. 2), except 
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from that of clone 6, whilst all sequences had a dissimilarity of more than 2.5 % with those 
of known Bacillus species17,18. Of the Bacillus species with validly published names in the 
database, the recently proposed B. horneckiae sp. nov. (FR749913)20, isolated from a 
spacecraft-assembly clean room, was found to possess the highest rrs sequence similarity 
(96.2, 96.3, 96.5, 96.6, 96.9, 97.0, 97.0, 97.1 and 97.8 %) to the sequences of strain S3-
R6TC-BA1T. The rrs sequence similarities of S3-R6TC-BA1T to all other recognised 
species were below 96.8 %. Close relatives included the type strains of Bacillus 
shackletonii (AJ250318; 94.4-96.3 %)12, Bacillus bataviensis (AJ542508; 95.1-96.7 %)5 
and Bacillus pocheonensis (AB245377; 95.1-96.8%)19. 

 

 
Figure 2. Neighbour-joining phylogenetic tree based on analysis of the 16S rRNA gene sequences of Bacillus 
zvezdaensis sp. nov. S3-R6TC-BA1T, among related Bacillus species. Bacillus subtilis was used as an outgroup. 
Accession numbers are given in parentheses. Bootstrap percentages (based on 1000 replications) ≥ than 60% are 
shown at branch points. Bar, 1% sequence divergence. 
 

The results of the phenotypic characterisation, the phylogenetic analysis and the 
intragenomic heterogeneity of the 16S rRNA genes suggest that the novel strain represents 
a novel species within the genus Bacillus17,18, for which the name Bacillus zvezdaensis sp. 
nov. is proposed, with S3-R6TC-BA1T as the type strain.  
 
Description of Bacillus zvezdaensis sp. nov. 

Bacillus zvezdaensis (zvez.da.en’sis. N.L. masc. adj. zvezdaensis pertaining to ‘zvezda’ 
(Russian: zvezda, meaning ‘star’), the name of the Russian Zvezda Service Module (DOS-
8) of the International Space Station, from which the type strain was isolated). 

Cells are Gram-positive, motile rods (2-6 μm long, ~0.4 μm in diameter) occurring 
singly and in chains of cells (Fig. 1). Sporulation occurs readily after a few days of 
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incubation on BA plates at 37 °C. Endospores are ellipsoidal to cylindrical and lie 
subterminally in swollen sporangia (Fig. 1). Facultative aerobic, grows well under aerobic 
and poorly under anaerobic conditions. When grown on BA at 37 °C for 24 h, colonies are 
greyish-cream coloured, flat, slightly raised, up to 7 mm in diameter, and circular with 
irregular margins and eggshell-textured surfaces (Supplementary Fig. 1). The optimum 
growth temperature is around 37°C, with poor growth at 20 °C and 50 °C but no growth at 
65 °C. Cells do not grow at 6.5% (w/v) NaCl. Catalase is produced. In the API® 20 E strip, 
nitrate reduction and acetoin production (Voges Proskauer) are positive; gelatinase, ß-
galactosidase (ONPG), arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, 
citrate utilization, hydrogen sulphide production from thiosulfate, urease, tryptophane 
deaminase and indole production tests are negative. Acid is not anaerobically produced 
from the following carbohydrates in the API® 50 CHB gallery: glycerol, erythritol, D- and 
L-arabinose,  D-ribose, D-xylose, L-xylose, D-adonitol, methyl-ß-D-xylopyranoside, D-
galactose, D-glucose, D-fructose, D-mannose, L-sorbose, L-rhamnose, dulcitol, inositol, D-
mannitol, D-sorbitol, methyl-α-D-mannopyranoside, methyl-α-D-glucopyranoside, N-
acetylglucosamine, amygdalin, arbutin, esculin ferric citrate, salicin, D-cellobiose, D-
maltose, D-lactose, D-melibiose, D-saccharose, D-trehalose, inulin, D-melezitose, D-
raffinose, starch, glycogen, xylitol, gentiobiose, D-turanose, D-lyxose, D-tagatose, D- and 
L-fucose, D- and L-arabitol, gluconate, 2-ketogluconate and 5-ketogluconate. Reactions are 
positive for oxidase, growth on Phenylethyl Alcohol Agar, Ellman, alanine arylamidase, 
phenylalanine arylamidase, L-Proline arylamidase, Ala-Phe-Pro arylamidase, L-aspartate 
arylamidase, leucine arylamidase, L-pyrrolydonyl-arylamidase, tyrosine arylamidase, ß-N-
acetyl-glucosaminidase and α-glucosidase. Reactions are negative for ß-haemolysis, 
cyclodextrine, myo-inositol, maltotriose, palatinose, pyruvate, phosphoryl choline, gas from 
glucose (no growth), putrescine assimilation, methyl-D-xyloside, tetrazolium red, starch 
hydrolysis, casein hydrolysis, lecithinase, lipase, glycine arylamidase, L-lysine-
arylamidase, α-galactosidase, ß-glucosidase, α-mannosidase, ß-mannosidase, and ß-
xylosidase. Strain S3-R6TC-BA1T was susceptible to penicillin (5 µg), kanamycin, 
oleandomycin and polymixin-B. 

The type strain, S3-R6TC-BA1T (=DSM 23220T =CIP 110084T), was isolated from the 
interior of the Russian Zvezda Service Module of the International Space Station in orbit 
(Space).  
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Supplementary Figure S1. Bacillus zvezdaensis sp. nov. S3-R6TC-BA1T, 24 h old colonies on blood agar 
plates (right, Leica WILD M3Z stereomicroscope). 
 
 
Supplementary Figure S2. 16S rRNA gene sequence alignment of: Bacillus sp. CIP 106 662 (AF519460); 
Bacillus horneckiae sp. nov. DSM 23495T (FR749913); Bacillus shackletonii LMG 18435T (AJ250318); Bacillus 
pocheonensis Gsoil 420T (AB245377); Bacillus bataviensis LMG 21833T (AJ542508); B. zvezdaensis sp. nov. S3-
R6TC-BA1T partial sequence; B. zvezdaensis sp. nov. S3-R6TC-BA1T duplicates A and B (~980 bp partial 
sequence); B. zvezdaensis sp. nov. S3-R6TC-BA1T|Clone1-10. Highlighted: variations in variable regions as 
mentioned in Table 2 and other notable variations. 
 
                                       10         20         30         40         50              
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GACGAACGCT GGCGGCGTGC CTAATACATG CAAGTCGAGC GA-ATCTGAG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..-.......   
B. shackletonii LMG 18435T    .......... .......... .......... .......... .G-.CT.TTA   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..-...ATTA   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..-....TT.   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... .........T .......... .......... .G-.......   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... .G-.......   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... .G-.......   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... .G-.......   
S3-R6TC-BA1|Clone10           .......... .......... .......... ......A... .G-.......   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..T....TT.   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..T....TT.   
S3-R6TC-BA1|Clone3            .......... A......... .......... .......... ..T.C..TT.   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..T....TT.   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..T....TT.   
 
                                       60         70         80         90        100             
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                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GGAGCTTGCT CCCAAAGAT- TAGCGGCGGA CGGGTGAGTA ACACGTGGGC   
B. horneckiae DSM 23495T      .......... .........- .......... .......... ..........   
B. shackletonii LMG 18435T    AA........ TTT...AG.- .......... .......... .........T   
B. pocheonensis Gsoil 420T    .......... ..T.TT.G.- .......... .......... ..........   
B. bataviensis LMG 21833T     .......... ....TT.G.- .......... .......... ..........   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... .........- .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .........- ..A.A..... .......... .......T..   
S3-R6TC-BA1|Clone5            .......... .........- .......... .......... ....C.....   
S3-R6TC-BA1|Clone4            .......... .........- .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......C.. .........- .......... .......... ..........   
S3-R6TC-BA1|Clone6            ..G......C .........G .......... .......... ..........   
S3-R6TC-BA1|Clone2            ..G......C .........G .......... .......A.. ..........   
S3-R6TC-BA1|Clone3            ..G......C .......G.G .......... .......A.. ......A...   
S3-R6TC-BA1|Clone7            ..G......C ........CG .......... .......... ..........   
S3-R6TC-BA1|Clone8            ..G......C .........G .......... .......A.. ..........   
 
                                      110        120        130        140        150         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      AACCTGCCTG TAAGACTGGG ATAACTTCGG GAAACCGGAG CTAATACCGG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... ......C... ........G. ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            ........G. .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .....-.... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... ..T....... .......... -......A.A ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......A.. ..........   
 
                                      160        170        180        190        200         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      ATAATCCTTT TCTACTCATG TAGAAAAGCT GAAAGATGGC TTC-GGCTAT   
B. horneckiae DSM 23495T      .......C.. ..CT.A.... AG....G... ......C... G..TA...G.   
B. shackletonii LMG 18435T    ....CTTC.. ..CT.G.... AG....GAT. .......... ...-......   
B. pocheonensis Gsoil 420T    .......... ..CT...... AG.G....T. .......... G..A-.....   
B. bataviensis LMG 21833T     ......T... ..CT...... AG.....A.. ......C..T ...-....G.   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... ..CTTA.... AG........ .......... ...AC.....   
S3-R6TC-BA1|Clone9            .......... ..CTTA.... AG........ .........- ..TC......   
S3-R6TC-BA1|Clone5            .......... ..CTTA.... AG........ .......... G..AC.....   
S3-R6TC-BA1|Clone4            .....T.... C..T.A.... A..G...... .......... ...-......   
S3-R6TC-BA1|Clone10           .....T.... C..T.A.... A..G.T.... .......... ...-......   
S3-R6TC-BA1|Clone6            ....A.T... ..CTTA.... AT........ .........- ..TC......   
S3-R6TC-BA1|Clone2            .......... C..T.A.... A..G...... A......A.. ..TTA.....   
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S3-R6TC-BA1|Clone3            .......... C..T.A.... A..G...... .........- ..TC......   
S3-R6TC-BA1|Clone7            .......... C..T.A.... A..G...... .......... ..TTA.....   
S3-R6TC-BA1|Clone8            .......... C..TAA.... A..G...... .......... ..TTA.....   
 
                                      210        220        230        240        250         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CACTTACAGA TGGGCCCGCG GCGCATTAGC TAGTTGGTGA GGTAACGGCT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... ...A...... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... ......-... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .....G.... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .....G.... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... T......... .......... ..........   
S3-R6TC-BA1|Clone7            .......G.. .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      260        270        280        290        300         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CACCAAGGCG ACGATGCGTA GCCGACCTGA GAGGGTGATC GGCCACACTG   
B. horneckiae DSM 23495T      .........C .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .........R .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .........A .........G .......... .......... ..........   
S3-R6TC-BA1|Clone9            .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .........A .......... .......... .......... ..G.......   
S3-R6TC-BA1|Clone10           .........A .......A.. .......... .......... ..........   
S3-R6TC-BA1|Clone6            .........A .......... A......... .......... ..........   
S3-R6TC-BA1|Clone2            .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .........A .......... .......... ....T..... ..........   
S3-R6TC-BA1|Clone8            .........A .......... .......... .......... .........A   
 
                                      310        320        330        340        350         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GGACTGAGAC ACGGCCCAGA CTCCTACGGG AGGCAGCAGT AGGGAATCTT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   ---------- ---------- ---------- ---------- -------...   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... ...A...... .......... .......... ...T......   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   



Chapter 7                                                                                                         _ 

 108 

S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... ....T..... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... ...A...... .......... ..........   
S3-R6TC-BA1|Clone2            .......... ......T... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      360        370        380        390        400         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CCGCAATGGA CGAAAGTCTG ACGGAGCAAC GCCGCGTGAG TGATGAAGGT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... C........C   
B. bataviensis LMG 21833T     ..A....... .......... .T........ .......... C........C   
S3-R6TC-BA1                   .......... G....T.... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......T.. .......... ..........   
S3-R6TC-BA1|Clone6            .......... ..T....... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ........A.   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      410        420        430        440        450         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      TTTCGGATCG TAAAACTCTG TTGTTAGGGA AGAACAAGTA CCGTTCGAAT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... T..GAGT..C   
B. shackletonii LMG 18435T    .......... .......... .......... .......... Y.........   
B. pocheonensis Gsoil 420T    C.....G... ....G..... .......... .......... T..GAGT..C   
B. bataviensis LMG 21833T     C.....G... ....G..... .......... .......... T..GAGT..C   
S3-R6TC-BA1                   .......... .......... .......... .......... ...GAGT.TC   
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ...GAGT..C   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ...GAGT..C   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ...GAGT..C   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... ......T... .......... ...GAGT..C   
S3-R6TC-BA1|Clone7            .......... ..T....... .....T.... .......... ...GAGT..C   
S3-R6TC-BA1|Clone8            .......... ........A. .......... .......... .G.GAGT..C   
 
                                      460        470        480        490        500         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      AGGGCGGTAC CTTGACGGTA CCTAACCAGA AAGCCACGGC TAACTACGTG   
B. horneckiae DSM 23495T      T.-C...... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    T.-C...... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     T.-C...... .......... .......... .......... ..........   
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S3-R6TC-BA1                   T.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  -.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  -.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            ..A..A.... .......... G......... .......... ..........   
S3-R6TC-BA1|Clone5            T.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           T.-C...... ...C...... .....T.... .......... ..........   
S3-R6TC-BA1|Clone6            T.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... ...T...... ......A... ..........   
S3-R6TC-BA1|Clone3            T.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            T.-C...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            T.-C...... .......C.. .......... .......... ..C.......   
 
                                      510        520        530        540        550         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CCAGCAGCCG CGGTAATACG TAGGTGGCAA GCGTTGTCCG GAATTATTGG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... T......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... T......... .......... ..A....... ..........   
S3-R6TC-BA1|Clone10           ...A...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            ...A...... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      560        570        580        590        600         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GCGTAAAGCG CGCGCAGGTG GTTTCTTAAG TCTGATGTGA AAGCCCCCGG   
B. horneckiae DSM 23495T      .......... .......... ...C...... .......... ......A...   
B. shackletonii LMG 18435T    .......... ........C. .......... .......... ......A...   
B. pocheonensis Gsoil 420T    .......... ........C. ..CCT..... .......... ......A...   
B. bataviensis LMG 21833T     .......... ........C. ..CCT..... .......... ......A...   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... ......T... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .........A .......... .......G..   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .G........ ..........   
S3-R6TC-BA1|Clone10           .......... T......... T......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... ........C. ..C.T..... .......... ..........   
S3-R6TC-BA1|Clone2            A......... ........C. ..C.T..... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... ..T....... .......... .......... .T........   
S3-R6TC-BA1|Clone8            ..T......C .......... .......... .......... ..........   
 
                                      610        620        630        640        650         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
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Bacillus sp. CIP 106 662      CTCAACCGGG GAGGGTCATT GGAAACTGGG AGACTTGAGT GCAGAAGAGG   
B. horneckiae DSM 23495T      ........T. .......... .......... GA........ ..........   
B. shackletonii LMG 18435T    ........T. .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    ........T. .......... .......... G......... ..........   
B. bataviensis LMG 21833T     ........T. .......... .......... G......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... ....CC.... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... ...G...... ..........   
 
                                      660        670        680        690        700         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      AAAGTGGAAT TCCAAGTGTA GCGGTGAAAT GCGTAGAGAT TTGGAGGAAC   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .G........ ....C..... .......... .......... G.........   
B. pocheonensis Gsoil 420T    .......... ....C..... .......... .......... G.........   
B. bataviensis LMG 21833T     ....C..... ....C..... .......... .......... G.........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            ..C....... .......... ...T...... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... ........T. ......T... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... ...A...... .......... ..........   
S3-R6TC-BA1|Clone10           .........A .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .G........ ....C..... .......... .......... G.........   
S3-R6TC-BA1|Clone2            .G........ ....C..... .......... .......... G.........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... .A........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      710        720        730        740        750         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      ACCAGTGGCG AAGGCGACTT TCTGGTCTGT AACTGACACT GAGGCGCGAA   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .........C .......... .......G.. ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......G.. ..........   
B. bataviensis LMG 21833T     .......... ......G... .......... .......G.. ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... ........A. ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .........C .......... .......G.. ..........   
S3-R6TC-BA1|Clone2            .......... .........C .......... .......G.. ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... ...C....A. ..........   



                                                                           Bacillus zvezdaensis sp. nov._                                                                                                         
_ 

 111 

S3-R6TC-BA1|Clone7            .......... .......T.. .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      760        770        780        790        800         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      AGCGTGGGGA GCGAACAGGA TTAGATACCC TGGTAGTCCA CGCCGTAAAC   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... ..A....... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... ..A....... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .........T .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... A......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .........T .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      810        820        830        840        850         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GATGAGTGCT AAGTGTTAGA GGGTTTCCGC CCTTTAGTGC TGCAGCAAAC   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ......T...   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ......T...   
B. bataviensis LMG 21833T     .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1                   .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone1            .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone9            .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone5            .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone4            .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone10           ........A. .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ...C......   
S3-R6TC-BA1|Clone2            .......... .......... .......... .....T.... ..........   
S3-R6TC-BA1|Clone3            .......... ........TG .......... ..C....... ....T.T...   
S3-R6TC-BA1|Clone7            .......... .........G .......... ..C....... ......T...   
S3-R6TC-BA1|Clone8            .......... .........G .......... ..C....... ......T...   
 
                                      860        870        880        890        900         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GCATTAAGCA CTCCGCCTGG GGAGTACGGC CGCAAGGCTG AAACTCAAAG   
B. horneckiae DSM 23495T      .......... .......... ........A. .......T.. ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ........T.   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
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S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ...T......   
S3-R6TC-BA1|Clone7            .......... .......... ......T... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      910        920        930        940        950         
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GAATTGACGG GGGCCCGCAC AAGCGGTGGA GCATGTGGTT TAATTCGAAG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... .........T   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..T.......   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... .........A   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ........C.   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      960        970        980        990        1000        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CAACGCGAAG AACCTTACCA GGTCTTGACA TCCTCTGACA ATCCTAGAGA   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... .C........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... C.........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... ........A. ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... ...A...... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... ...A...... .......... ..........   
 
                                      1010       1020       1030       1040       1050        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      TAGGACGTTC CCCTTCGGGG GACAGAGTGA CAGGTGGTGC ATGGTTGTCG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    ....G..... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .........Y .......... A......... .......... ..........   
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S3-R6TC-BA1 dupl A (~980 bp)  .........Y .......... R......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .........Y .......... R......... .......... ..........   
S3-R6TC-BA1|Clone1            .........T .......... A......... .......... ..........   
S3-R6TC-BA1|Clone9            .........T .......... A......... .......... ..........   
S3-R6TC-BA1|Clone5            .........T .......... A......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .........T .......... A......... .......... ..........   
S3-R6TC-BA1|Clone6            ......T... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            ......T... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .........T .......... A......... .......... ..........   
S3-R6TC-BA1|Clone8            .........T .......... A......... .......... ..........   
 
                                      1060       1070       1080       1090       1100        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      TCAGCTCGTG TCGTGAGATG TTGGGTTAAG TCCCGCAACG AGCGCAACCC   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .....A.... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... ..C....... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ......T...   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      1110       1120       1130       1140       1150        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      TTGATCTTAG TTGCCAGCAT TCAGTTGGGC ACTCTAAGGT GACTGCCGGT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    ....C..... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... ......T..A ..........   
S3-R6TC-BA1|Clone6            ......A... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... ..G....... .......... ....A.....   
S3-R6TC-BA1|Clone3            .......... .......... .......T.. .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... .......T..   
 
                                      1160       1170       1180       1190       1200        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GACAAACCGG AGGAAGGTGG GGATGACGTC AAATCATCAT GCCCCTTATG   
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B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .....T.... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .T........ .......... .......... .....C....   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... T......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... ...A...... .......... ..........   
S3-R6TC-BA1|Clone3            .......... .......... .......... ........G. ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... .....A....   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      1210       1220       1230       1240       1250        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      ACCTGGGCTA CACACGTGCT ACAATGGATG GTACAAAGGG CTGCAAGACC   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ....G.....   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ......A...   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... A......... ......A...   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone3            ........C. .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      1260       1270       1280       1290       1300        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GCGAGGTTTA GCCAATCCCA TAAAACCATT CTCAGTTCGG ATTGCAGGCT   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    ........A. .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    ..A.....A. .......... .......... .......... ....T.....   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ....T.....   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .T........ .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .....A.... .......... .......... ..........   
S3-R6TC-BA1|Clone2            .......... ........-- ---------- ---------- ----------   
S3-R6TC-BA1|Clone3            .......... ...G...... ........A. .......... ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... .......... ..........   
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S3-R6TC-BA1|Clone8            T.T....... .......... .......... .......... ..........   
 
                                      1310       1320       1330       1340       1350        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      GCAACTCGCC TGCATGAAGC CGGAATCGCT AGTAATCGCG GATCAGCATG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .A........ .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .A........ .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .........T ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           .......... .........T .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... .......T..   
S3-R6TC-BA1|Clone7            .......... .......... .......... .A........ ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      1360       1370       1380       1390       1400        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      CCGCGGTGAA TACGTTCCCG GGCCTTGTAC ACACCGCCCG TCACACCACG   
B. horneckiae DSM 23495T      .......... .......... .......... .......... ..........   
B. shackletonii LMG 18435T    .......... .......... .......... .......... ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .......... ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .......... ..........   
S3-R6TC-BA1                   .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone1            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone5            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone4            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone10           ..-....... ........A. .......... .......... ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone2            ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone3            .......... .......... .......... .......... ..........   
S3-R6TC-BA1|Clone7            .......A.. .......... .......... .......... ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... .......... ..........   
 
                                      1410       1420       1430       1440       1450        
                              ....|....| ....|....| ....|....| ....|....| ....|....|  
Bacillus sp. CIP 106 662      AGAGTTTGTA ACACCCGAAG TCGGTGGGGT AACCGCAA-G GAGCCAGCCG   
B. horneckiae DSM 23495T      .......... .......... .......... ....TTTT-. ..........   
B. shackletonii LMG 18435T    .......... .......... ......A... ....TTTT-. ..........   
B. pocheonensis Gsoil 420T    .......... .......... .......... .....T..-. ..........   
B. bataviensis LMG 21833T     .......... .......... .......... .....T..-. ..........   
S3-R6TC-BA1                   .......... .......... .........- ---------- ----------   
S3-R6TC-BA1 dupl A (~980 bp)  .......... .......... .......... ....------ ----------   
S3-R6TC-BA1 dupl B (~980 bp)  .......... .......... .......... ....TT---- ----------   
S3-R6TC-BA1|Clone1            .......... .......... .........A ....TTTTC. ..........   
S3-R6TC-BA1|Clone9            .......... .......... .......... ....TTTTC. ..........   
S3-R6TC-BA1|Clone5            .......... .......... C......... .....T..-. ..........   
S3-R6TC-BA1|Clone4            .......... .......... .....A.... .....G..-. ...T......   
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S3-R6TC-BA1|Clone10           .......... .......... .......... ....TTTTC. ..........   
S3-R6TC-BA1|Clone6            .......... .......... .......... ....TTTTC. ..........   
S3-R6TC-BA1|Clone2            ---------- ---------- ---------- ---------- ----------   
S3-R6TC-BA1|Clone3            .......... .......... .......... ........-. ..........   
S3-R6TC-BA1|Clone7            .......... .......... .......... ...-....-. ..........   
S3-R6TC-BA1|Clone8            .......... .......... .......... ....TTTTC. ..........   
 
                                      1460       1470          
                              ....|....| ....|....| ....|.. 
Bacillus sp. CIP 106 662      CCTAAGGTGG GACAGATGAT TGGGGTG  
B. horneckiae DSM 23495T      .......... .......... .......  
B. shackletonii LMG 18435T    ..G....... .......... .......  
B. pocheonensis Gsoil 420T    .......... .......... .......  
B. bataviensis LMG 21833T     .......... .......... .......  
S3-R6TC-BA1                   ---------- ---------- -------  
S3-R6TC-BA1 dupl A (~980 bp)  ---------- ---------- -------  
S3-R6TC-BA1 dupl B (~980 bp)  ---------- ---------- -------  
S3-R6TC-BA1|Clone1            .......... .......... .......  
S3-R6TC-BA1|Clone9            .......... .......... .......  
S3-R6TC-BA1|Clone5            .......... ....T..... A......  
S3-R6TC-BA1|Clone4            .......... .......... .......  
S3-R6TC-BA1|Clone10           .....T.... .......... .......  
S3-R6TC-BA1|Clone6            .......... .......... .......  
S3-R6TC-BA1|Clone2            ---------- ---------- -------  
S3-R6TC-BA1|Clone3            .......... ......A... .......  
S3-R6TC-BA1|Clone7            .T........ .......... .......  
S3-R6TC-BA1|Clone8            .......... .......... .......  
 
 
References 

 

 1.  Cannone JJ et al. (2002). The comparative RNA web (CRW) site: an online database of comparative 
sequence and structure information for ribosomal, intron, and other RNAs. BMC Bioinformatics 3:2. 

 2.  Garcia LS (2007). Clinical Microbiology Procedures Handbook. ASM Press, Washington, DC. 

 3.  Goto K, Omura T, Hara Y and Sadaie Y (2000). Application of the partial 16S rDNA sequence as an 
index for rapid identification of species in the genus Bacillus. J Gen Appl Microbiol 46:1-8. 

 4.  Hall TA (1999). BioEdit: a user-friendly biological sequence alignment editor and analysis program 
for Windows 95/98/NT. Nucleic Acids Symp Ser :95-98. 

 5.  Heyrman J et al. (2004). Bacillus novalis sp. nov., Bacillus vireti sp. nov., Bacillus soli sp. nov., 
Bacillus bataviensis sp. nov. and Bacillus drentensis sp. nov., from the Drentse A grasslands. Int J Syst 
Evol Microbiol 54:47-57. 

 6.  Horneck G, Klaus DM and Mancinelli RL (2010). Space Microbiology. Microbiol Mol Biol Rev 
74:121-156. 

 7.  La Duc MT, Satomi M and Venkateswaran K (2004). Bacillus odysseyi sp. nov., a round-spore-
forming bacillus isolated from the Mars Odyssey spacecraft. Int J Syst Evol Microbiol 54:195-201. 

 8.  Lee ZM-P, Bussema C, III and Schmidt TM (2009). rrnDB: documenting the number of rRNA and 
tRNA genes in bacteria and archaea. Nucleic Acids Res 37:D489-D493. 



                                                                           Bacillus zvezdaensis sp. nov._                                                                                                         
_ 

 117 

 9.  Li Y et al. (2003). Chryseobacterium miricola sp. nov., a novel species isolated from condensation 
water of space station Mir. Syst Appl Microbiol 26:523-528. 

 10.  Li Y et al. (2004). Rothia aeria sp. nov., Rhodococcus baikonurensis sp. nov. and Arthrobacter 
russicus sp. nov., isolated from air in the Russian space laboratory Mir. Int J Syst Evol Microbiol 
54:827-835. 

 11.  Li Y et al. (2004). Sphingomonas yabuuchiae sp. nov. and Brevundimonas nasdae sp. nov., isolated 
from the Russian space laboratory Mir. Int J Syst Evol Microbiol 54:819-825. 

 12.  Logan NA et al. (2004). Bacillus shackletonii sp. nov., from volcanic soil on Candlemas Island, South 
Sandwich archipelago. Int J Syst Evol Microbiol 54:373-376. 

 13.  Ludwig W et al. (2004). ARB: a software environment for sequence data. Nucleic Acids Res 32:1363-
1371. 

 14.  Novikova N et al. (2006). Survey of environmental biocontamination on board the International Space 
Station. Res Microbiol 157:5-12. 

 15.  Reva ON, Sorokulova IB and Smirnov VV (2001). Simplified technique for identification of the 
aerobic spore-forming bacteria by phenotype. Int J Syst Evol Microbiol 51:1361-1371. 

 16.  Satomi M, La Duc MT and Venkateswaran K (2006). Bacillus safensis sp. nov., isolated from 
spacecraft and assembly-facility surfaces. Int J Syst Evol Microbiol 56:1735-1740. 

 17.  Stackebrandt E et al. (2002). Report of the ad hoc committee for the re-evaluation of the species 
definition in bacteriology. Int J Syst Evol Microbiol 52:1043-1047. 

 18.  Stackebrandt E and Goebel BM (1994). A place for DNA-DNA reassociation and 16S rRNA 
sequence analysis in the present species definition in bacteriology. International Journal of Systematic 
Bacteriology 44:846-849. 

 19.  Ten LN et al. (2007). Bacillus pocheonensis sp. nov., a moderately halotolerant, aerobic bacterium 
isolated from soil of a ginseng field. Int J Syst Evol Microbiol 57:2532-2537. 

 20.  Vaishampayan P et al. (2010). Bacillus horneckiae sp. nov., isolated from a spacecraft-assembly clean 
room. Int J Syst Evol Microbiol 60:1031-1037. 

 21.  van Tongeren SP et al. (2007). Microbial detection and monitoring in advanced life support systems 
like the International Space Station. Microgravity Science and Technology 19:45-48. 

 22.  Venkateswaran K et al. (2003). Bacillus nealsonii sp. nov., isolated from a spacecraft-assembly 
facility, whose spores are gamma-radiation resistant. Int J Syst Evol Microbiol 53:165-172. 

 23.  Wang Y, Zhang Z and Ramanan N (1997). The actinomycete Thermobispora bispora contains two 
distinct types of transcriptionally active 16S rRNA genes. J Bacteriol 179:3270-3276. 

 24.  Zhang Z, Schwartz S, Wagner L and Miller W (2000). A greedy algorithm for aligning DNA 
sequences. J Comput Biol 7:203-214. 

 
 



Chapter 7                                                                                                         _ 

 118 

 



 

 

Chapter 8 Bacillus anthracis-like bacteria 
and other B. cereus group members in a microbial 
community within the International Space Station: a 
challenge for rapid and easy molecular detection of 
virulent B. anthracis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S. P. van Tongeren1 

H. I. J. Roest2 

J. E. Degener1 

H. J. M. Harmsen1 
 
 

1 Department of Medical Microbiology, University Medical Center Groningen,  
University of Groningen, Groningen, The Netherlands 

2 Department of Bacteriology & TSE's, Central Veterinary Institute, part of Wageningen 
UR, Lelystad, The Netherlands 

 
 

Manuscript submitted for publication 



Chapter 8                                                                                                        _ 

 120 

Abstract 
 

For some microbial species, such as Bacillus anthracis, the etiologic agent of the 
disease anthrax, correct detection and identification by molecular methods can be 
problematic. The detection of virulent B. anthracis is challenging due to multiple 
virulence markers that need to be present in order for B. anthracis to be virulent and 
its close relationship to Bacillus cereus and other members of the B. cereus group. This 
is especially the case in environments where build-up of Bacillus spores can occur and 
several representatives of the B. cereus group may be present, which increases the 
chance for false-positives. When monitoring the microbial hygiene in a given 
environment, health risk assessment is therefore troublesome in the case of virulent B. 
anthracis, especially if this should be done with rapid, easy and on-site molecular 
methods. In this case-study we show the presence of B. anthracis-like bacteria and 
other members of the B. cereus group in a mixed microbial community within the 
International Space Station and their identification by using conventional culturing as 
well as molecular techniques. 
 
 
Introduction 
 

Monitoring of microbial hygiene can give an early warning sign for the presence of 
potential pathogens in an environment so preventive countermeasures can be taken to 
minimise health risks. To this purpose, microbial hygiene is monitored and controlled at 
various locations such as hospital wards, potable water distribution systems or air-
conditioning systems of modern buildings but also in spacecraft such as the International 
Space Station (ISS). To secure the health and wellbeing of the crew, characterisation and 
understanding of the microbial contamination of the ISS is essential18. Especially at remote 
locations such as the ISS, rapid and easy to use methods to monitor microbial hygiene are 
preferred, which can be used on-site without the need for technical personnel or specialised 
laboratories. Detection and identification of microbes by conventional culturing is 
laborious, time-consuming, requires specialist expertise and many species are difficult to 
culture or uncultivable. In addition, culturing of hazardous microbes such as potential 
pathogens or so-called technophiles27 is often undesirable. In this respect, molecular 
detection methods circumvent many of the disadvantages encountered by conventional 
culturing techniques29. However, for some species, such as Bacillus anthracis, the etiologic 
agent of the disease anthrax, rapid and easy on-site molecular detection can be problematic. 

The ISS is a complex environment with a regulated atmosphere which forms a unique 
microbial ecological niche that encompasses several spaceflight related parameters such as 
microgravity, radiation or the concept of closed environment12. The secondly most common 
identified bacterial species in the ISS environment are spore-formers of the genus Bacillus 
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(31.7 %)18. Bacillus species generally are aerobic endospore-forming bacteria that are 
common in nature. More specifically, the Bacillus cereus group comprises six members: 
Bacillus cereus, Bacillus anthracis, Bacillus thuringiensis, Bacillus mycoides, Bacillus 
pseudomycoides, and Bacillus weihenstephanensis. B. cereus, B. anthracis, and B. 
thuringiensis can be considered to be pathovars of a single species and it has been 
suggested that B. anthracis is a monophyletic clone derived from the B. cereus and B. 
thuringiensis clade16,19,22,23. Whilst B. cereus is an opportunistic pathogen that also causes 
food borne illness, B. thuringiensis is an insect pathogen. B. anthracis is an obligate 
pathogenic species that causes the zoönosis anthrax4,17. The disease primarily occurs in 
herbivores, and is usually transmitted to humans by direct or indirect contact with 
contaminated animals. Two plasmids are essential for the virulence of B. anthracis, pXO1 
and pXO24,17. Plasmid pXO1 harbors genes for the anthrax toxin complex proteins edema 
factor (cya), lethal factor (lef) and protective antigen (pagA)20 and pXO2 carries genes 
required for the biosynthesis of an antiphagocytic poly-γ-D-glutamic acid capsule 
(capBCA). Rapid detection of virulent B. anthracis in the environment is essential since the 
infection spreads rapidly and has a high mortality rate, but is challenging due to its close 
relationship to other members of the B. cereus group23. 

Strains of the B. cereus group were isolated from the interior of the ISS for the purpose 
of investigating the bacterial microbiota, as part of a Microgravity Applications Programme 
(MAP) of the European Space Agency and in particular the ‘SAMPLE’ experiments27, and 
were characterised using both phenotypic and molecular methods. This study describes the 
difficulties encountered for rapid and easy on-site molecular detection of virulent B. 
anthracis in natural mixed microbial communities and illustrates this with the 
documentation of B. anthracis-like isolates and other members of the B. cereus group found 
to be present in the same environment of the ISS. 
 
 
Materials and Methods 
 
Sample collection 

Samples were collected from various locations of the interior of the Russian Zvezda 
Service Module (DOS-8) of the ISS during several spaceflight missions by mainly using a 
sampling system consisting of a Swab Rinse Kit (927C SRK) tube without medium 
containing a Dacron® applicator (Copan Italia S. p. A. Diagnostics Inc., Brescia, Italy). 
Swabs were pre-moistened with 55μl sterile clinical grade 0.9 % physiological salt solution 
(B. Braun Melsungen AG, Melsungen, Germany) using DNA-free laboratory techniques. 
The samples were stored and transported to the microbiology laboratory on Earth at the 
University Medical Center Groningen. The samples were suspended in Fastidious Broth 
(FB; Mediaproducts BV, Groningen, The Netherlands), incubated for 1-2 days at 37°C, 
after which the suspension was plated on Blood Agar (Mediaproducts BV) and incubated 
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for another 1-2 days at 37°C. Pure cultures of isolates were maintained in MicrobankTM 
tubes (Pro-Lab Diagnostics) at -80 °C and further cultivated overnight on Blood Agar 
plates at 37°C for various analyses. 

 
Preparation of template DNA for PCR and sequencing 

Bacterial cells were inoculated into 9 ml Brain Heart Infusion (Mediaproducts BV) and 
grown overnight at 37°C. Template DNA was prepared by using either whole bacterial cells 
without extracting DNA, or extracting DNA based on the method of Boom et al.2. Briefly, 
in the latter case, 0.1 ml bacterial cell suspension was added to 600 µl mixture of L6 and 
Celite 545 (Acros Organics, Geel, Belgium), and put at ambient temperature for 10 min. 
The mixture was centrifuged in an Eppendorf microcentrifuge for 10 s at 13,400 x g. The 
pellet was washed with 70% ethanol (v/v) and subsequently acetone and centrifuged for 10 
s at 13,400 x g after each washing step. The acetone was disposed of after which the pellet 
was left to dry for 10 min at 56°C. The pellet was dissolved in TE buffer (10 mM Tris-HCl, 
1 mM EDTA, pH 8.0) during 10 min at 56°C. 
 
16S rRNA gene sequencing 

Conserved eubacterial primers based on Hiraishi et al.8 were used to amplify 16S rRNA 
genes by PCR (Table 1). To enable direct cycle sequencing of the PCR product after 
amplification, a short T7 sequence was attached to the 5’ side of the forward primer and a 
UP sequence to the 5’ side of the reverse primer (Table 1). Oligonucleotide primers were 
obtained from Biolegio (Nijmegen, The Netherlands). Template DNA was prepared as 
described above using whole bacterial cells. All PCR reactions were performed in a total 
volume of 50 µl consisting of 1 or 5 µl of template DNA, 0.5 U Super TAQ HC (HT 
Biotechnology Ltd., Cambridge, England), PCR Buffer (HT Biotechnology Ltd.), 200 μM 
of each dNTP (Fermentas Int. Inc., Burlington, Canada) and 100 nM of each primer. 
Amplification was carried out on an Omnigene TR3 CM220 Temperature Cycler (Hybaid 
Ltd., London, UK) with a profile of 94°C for 5 min, followed by 50 cycles of 94°C for 30s, 
58°C for 75 s and 72°C for 1.5 min and finally one cycle of 72°C for 5 min. To confirm 
amplification of PCR products of the proper size, electrophoresis was performed through an 
ethidium bromide stained 1.0 % (w/v) agarose gel (Eurogentec S.A., Seraing, Belgium) in 
TBE buffer (Invitrogen Ltd., Paisley, UK). PCR products were bidirectionally sequenced 
(BaseClear BV, Leiden, The Netherlands) by using T7, UP and internal primers with 
proprietary in-house protocols. 
 
PCR of gyrB 
A Bacillus species-specific chromosomal region was amplified with a PCR assay based on 
Yamada et al.28. Bacterial primers were used to amplify a fragment of the gyrB gene of B. 
cereus (BC1 and BC2r, 365 bp), B. anthracis (BA1 and BA2r, 245 bp) and B. thuringiensis  
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Table 1. PCR oligonucleotide primers used in this study. 
Target 
gene 

Primer Sequence (5’-3’) References 

gyrB BC1 ATTGGTGACACCGATCAAACA Yamada et al.28 
 BC2r TCATACGTATGGATGTTATTC Yamada et al.28 
gyrB BA1 AATCGTAATATTAAACTGACG Yamada et al.28 
 BA2r CCTTCATACGTGTGAATGTTG Yamada et al.28 
gyrB BT1 ATCGGTGATACAGATAAGACT Yamada et al.28 
 BT2r CCTTCATACGTATGAATAATTTTT Adapted from Yamada et al.28 
16S rRNA forward ACCTAATACGACTCACTATAGGGAGAGTTTGAT

CCTGGCTCAG 
(R. Rozeboom and P. Terpstra, personal 
communication); Hiraishi et al.8 

16S rRNA reverse ATTGTAAAACGACGGCCAGTGGTTACCTTGTTA
CGACTT 

(R. Rozeboom and P. Terpstra, personal 
communication); Hiraishi et al.8  

Bold: T7 and UP extension, respectively 
 
(BT1 and BT2r, 368 bp) (Table 1). Oligonucleotide primers BC1, BC2r, BA1 and BA2r 
were obtained from Eurogentec S.A. and BT1 and BT2r from Biolegio. Template DNA was 
prepared as described above using whole bacterial cells or DNA solution in duplicate (four-
fold, in total). All PCR reactions were performed in a total volume of 25 µl containing 1 or 
5 µl of template DNA, 0.25 U Super TAQ HC (HT Biotechnology Ltd.), PCR Buffer (HT 
Biotechnology Ltd.), 200 μM of each dNTP (Fermentas Int. Inc.), 200 nM of each primer 
and 1 mM MgCl2. Amplification was carried out on a PTC-225 DNA Engine Tetrad (MJ 
Research Inc., Massachusetts, USA) as described previously28. To confirm amplification of 
PCR products of the proper sizes, electrophoresis was performed through an ethidium 
bromide stained 1.0 % (w/v) agarose gel (Eurogentec S.A.) in TBE buffer (Invitrogen Ltd.). 
 
Expert confirmation analysis 

Expert confirmation analysis was conducted on the isolates by the Dutch national 
veterinary reference laboratory (CIDC-Lelystad, WUR, Lelystad, The Netherlands) which 
encompassed microscopic evaluation of a Gram-stained preparation, evaluation of ß-
haemolysis and γ-phage susceptibility testing. γ-phage susceptibility is tested for by the 
capacity of the phage to lyse the culture. 
 
Biochemical and phenotypic characterisation 

Biochemical and phenotypic characterisation was performed on pure cultures by making 
use of the API® system (bioMérieux Inc., Marcy l’Etoile, France) according to the 
manufacturer’s instructions. The API® 20 E tests were used to test for arginine dihydrolase, 
indole production, acetoin production (VP), gelatinase and nitrate reduction. Inconclusive 
reactions for acetoin production and nitrate reduction were confirmed with standard culture-
based techniques6. Anaerobic acid production from D-arabinose, glycerol, glycogen, inulin, 
D-mannitol, salicin and D-trehalose was determined using the API® 50 CHB system 
(bioMérieux Inc.). Supplemental tests were performed by using the VITEK® 2 Systems 
Bacillus identification card (BCL) (bioMérieux Inc.) and standard culture-based 
techniques6. Anaerobic growth was determined by cultivation on Brucella Blood Agar 



Chapter 8                                                                                                        _ 

 124 

(Mediaproducts BV) under a nitrogen atmosphere. Capsule production was tested for by 
using M’Fadyean polychrome methylene blue and Indian ink stain, on smears of cells that 
were cultivated on nutrient agar containing 0.8 % sodium bicarbonate under a 5 % CO2 

atmosphere. 
 
Data analysis 

Nucleotide sequences were aligned by using the BioEdit Sequence Alignment Editor 
version 7.0.8.07. Sequence analysis was conducted on determined sequences by searches of 
the online BLASTN30 and RDP103 databases. 
 
 
Results 
 
16S rDNA sequence analysis 

16S rDNA sequence analysis results of searches of the online databases are shown in 
Table 2. Identification to the species level of isolates S1-R1J2-FB, S1-R2T1-FB, S1-R4H1-
FB, S2-R3J1-FB-BA1 and S1-R5C1-FB (referred to as the BA isolates, hereafter) was 
inconclusive. Subsequently, signature sequences of the16S rDNA of isolates in this study 
were compared with those of the B. cereus group types according to the scheme of Sacchi 
et al25, as shown in Table 3. Isolates S1-R1P1-FB, S1-R6TC1, S1-R3O1-FB, S1-R4D1-FB, 
and S2-R3O1-FB-BA1 (referred to as the BC isolates, hereafter) could all be identified as 
B. cereus type 9 according to the Sacchi et al. typing scheme. The BA isolates could be 
identified as type 13 B. cereus of the Sacchi et al. scheme, but identification as type 6 B. 
anthracis could not be ruled out due to a W at position 1146 of the latter. Isolate S2-R4W1-
FB-BA1 (referred to as the BW isolate, hereafter) could not be designated according to the 
Sacchi et al. scheme, but had 100% similarity with the Genbank sequences of the type 
strains of B. mycoides ATCC 6462T (AB021192) and B. weihenstephanensis DSM 11821 
(AB021199). 
 
PCR of gyrB 

The results of the PCR analysis of gyrB are shown in Table 2. The BC isolates were all 
positive for B. cereus PCR, which is in agreement with 16S rDNA sequence analysis. All BA 
isolates were positive for B. anthracis PCR. The BW isolate was positive for B. anthracis 
PCR in two of four reactions. 
 
Expert confirmation analysis 

All isolates were determined to be negative for B. anthracis by the reference laboratory. 
Isolate S1-R5C1-FB was slightly inhibited by the phage. The image in a Gram-stained 
preparation was found to be divergent from B. anthracis for all isolates. 
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Biochemical and phenotypic characterisation 
All strains were Gram-positive rods with ellipsoidal to cylindrical endospores not 

swelling the sporangia that lie central to subterminal, which mostly were capable to form 
chains of cells. All strains were positive for anaerobic growth, starch hydrolysis and 
lecithinase; all strains were negative for parasporal crystals, growth at 50°C and 65°C, 
lipase and gas from glucose. In the API® 20 E strip, for all strains, nitrate reduction and 
gelatinase are positive; the indole production test is negative. In the API® 50 CHB gallery, 
acid is produced from glycogen and D-trehalose; acid is not produced from D-arabinose, 
inulin, and D-mannitol. Of the VITEK® 2 Systems BCL card tests, all strains were positive 
for phenylalanine arylamidase, L-pyrrolydonyl-arylamidase, ß-N-acetyl-glucosaminidase, 
D-glucose, D-ribose, maltotriose and esculin hydrolysis; all strains were negative for 
putrescine assimilation, methyl-A-D-glucopyranoside acidification, D-galactose, D-
melezitose, methyl-D-xyloside, myo-inositol, palatinose, L-rhamnose, D-tagatose, Ellman, 
ala-phe-pro arylamidase, L-lysine-arylamidase, L-proline arylamidase, α-galactosidase, ß-
galactosidase, α-mannosidase, ß-mannosidase, ß-xylosidase. All strains were resistant to 
polymixin-B and susceptible to oleandomycin. Biochemical and phenotypic characteristics 
for differentiating the strains from B. cereus, B. anthracis, B. thuringiensis and B. mycoides 
are presented in Table 2. On the basis of the above characteristics, all strains could be 
identified as members of the B. cereus group17,24. 

Differentiation by colony morphology was consistent with the results of other methods 
such as PCR of gyrB and sequence analysis of the 16S rRNA gene, except for isolate S1-
R5C1-FB. Of the VITEK® 2 Systems BCL card, the BA isolates were mostly 
distinguishable from the BC and BW isolates with tests for alanine arylamidase and ß-
glucosidase. None of the strains tested positive for the B. anthracis virulence factor of 
capsule production. 

 
 

Discussion 
 

Naturally occurring anthrax caused by B. anthracis is readily controllable, however 
artificially massive exposures can be created, making it much less controllable and placing 
it high on the list of potential agents of biological warfare or bioterrorism4,17. As a result, B. 
anthracis has been researched and developed as a biological weapon over many years.  

Due to their resistance to desiccation, heat, radiation and disinfectants, spores of aerobic 
endospore formers readily survive distribution in soils, dusts, and aerosols, making them 
troublesome contaminants. B. anthracis probably only rarely multiplies in the 
environment17,22. In certain environments however, such as in advanced life support 
systems like the ISS, build-up of spores of adverse microbial species might occur due to 
factors such as dust accumulation. In addition, hygiene regimes21 that make use of cleaning 
solutions containing disinfectants may clean selectively, favouring microbes and spores that 
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Table 2. Overview of isolate characteristics using several methodologies. Abbreviations: +, positive; v, variable; (+) or (−), weak reaction; −, negative; S, susceptible; R, 
resistant; ND, not determined. 
Data for B. cereus, B. anthracis, B. thuringiensis and B. mycoides were compiled16,17. All data were obtained in this study, unless otherwise indicated. 
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16S rDNA analysis 
by online database searches 

B. cereus group 
    B. cereus B. weihenstephanensis Inconclusive 

PCR of gyrB:                
   B. cereus +    + + + + + − − − − − − 
   B. anthracis  +   − − − − − (+) + + + + + 
   B. thuringiensis   +  − − − − − − − − − − − 

Colony morphology     ¤ ¤ ¤ ¤ ¤ ∆ X X X X ¤ 

ß-haemolysis + −/(+) + −/(+) + + + (+) (+) + + + + + + 

Motility + − + − + (+) + (+) (+) + + + + + + 

Parasporal crystals − − + − − − − − − − − − − − − 

Acetoin production + + + + + − + + − + + + + + + 

Casein hydrolysis + + + + − + − − − + + + + + + 

Penicillin susceptibility  R S/(R) R  R R R R R R R R R R R 

Capsule production − +/− − − − − − − − − − − − − − 

Gamma phage susceptibility − + − − − − − − − − − − − − (+) 

Arginine dihydrolase v − + V + + + + + − + + + + + 

Acid from:                

   Glycerol + − + + − − − − − − − − − − − 

   Salicin + − (+) (+) + + + + + + (+) − (+) − (+) 
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PEA  −   + + + + + (+) + + + + + 
VITEK® 2 Systems 
BCL card 

               

   L-aspartate 
   arylamidase 

ND ND ND ND − − − − − − − − − − + 

   Leucine arylamidase ND ND ND ND + + + (+) + + (+) (+) (+) + + 

   Alanine arylamidase ND ND ND ND + + + + + + − − − − − 

   Tyrosine arylamidase ND ND ND ND + + (+) + + + + + + + + 

   Cyclodextrine ND ND ND ND − − − − + − − − − (+) − 

   Glycine arylamidase ND ND ND ND − − − − − − + − (−) − (−) 

   D-mannose ND ND ND ND − − − − − + − − − − − 

   N-acetyl-D-glucosamine ND ND ND ND + + + + + + + − + + (−) 

   ß-glucosidase ND ND ND ND + + + + − + − − − − − 

   Pyruvate ND ND ND ND (+) + + (+) + (+) (+) + + + + 

   α-glucosidase ND ND ND ND − − − (+) + − − − (−) (−) − 

   Growth in 6.5% NaCl ND ND ND ND + + + + + − + + + + + 

   Kanamycin susceptibility ND ND ND ND R R R R S S R R R R R 

   Tetrazolium red ND ND ND ND − + (−) + − − − + (−) + − 

 



Chapter 8                                                                                                        _ 

 128 

Table 3. 16S rDNA sequence signature comparison of isolates according to the Sacchi et al.25 type scheme. Abbreviations: R, A or G nucleotide; Y, C or T nucleotide; 
M, A or C nucleotide; W, A or T nucleotide. Nucleotides between brackets indicate a weak double signal of that nucleotide at that position. 
16S type Strain Nucleotide position 

77 90 92 182 189 192 200 208 1015 1036 1045 1146 1462 
               
type 9 B. cereus   A T T C A C T G A T A A T 
 S1-R1P1-FB A T T C (t) A C T G A (c) T A A T (a) 
 S1-R6TC1 A T T C (t) A C T G A (c) T A A T (a) 
 S1-R3O1-FB A T T C (t) A C (t) T G A (c) T A A T (a) 
 S1-R4D1-FB A T T C (t) A C (t) T G A (c) T A A T (a) 
 S2-R3O1-FB-BA1 A (g) T T C A C (t) T G A (c) T A A T (a) 
               
type 13 B. cereus  A T T C A C T G C T A T T 
type  6 B. anthracis  A T T C A C T G C T A W T 
 S1-R1J2-FB A T T C (t) A C T G C T A T T 
 S1-R2T1-FB A T T C (t) A C T G C T A T T 
 S1-R4H1-FB A T T C (t) A C T G C T A T T 
 S2-R3J1-FB-BA1 A T T C (t) A C T G C T A T T 
 S1-R5C1-FB A T T C (t) A C T G C T A T T 
               
 B. mycoides  ATCC 6462T (AB021192) A T T T A T T G A T A A A 
 B. weihenstephanensis DSM 11821 (AB021199) A T T T A T T G A T A A A 
 S2-R4W1-FB-BA1 A T T T A T T G A T A A A 
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possess features to withstand hostile environments. Indeed, spore-forming bacterial species 
such as of the genus Bacillus have been detected on the ISS in considerable numbers18. 

We isolated strains of members of the B. cereus group from the interior of the ISS, of 
which BC isolates were found to be most similar to B. cereus and BW isolates to B. 
weihenstephanensis or B. mycoides.  

The BA isolates possessed B. anthracis-like biochemical characteristics such as acid 
from glycerol and salicin reactions. Several of the differentiating characters for B. anthracis 
such as a lack of ß-haemolytic activity, lack of motility, penicillin sensitivity, susceptibility 
to γ-phage lysis or some genetic markers are not truly specific4,17,19, making correct 
identification challenging and thus leaving these characters inconclusive for the BA 
isolates. Traits as growth on Phenylethyl Alcohol Blood Agar (PEA) and arginine 
dihydrolase argued against identification of the BA isolates as B. anthracis.  

Eventhough the differentiation of B. anthracis from B. cereus on the basis of 16S rRNA 
gene sequencing has been reported to be difficult, it has been proven useful for fast 
differentiation1,25. 16S rRNA gene sequence analysis showed signatures of the BA isolates 
to be similar to type 13 B. cereus and type 6 B. anthracis according to the scheme of Sacchi 
et al.25. A conclusive identification of the BA isolates as type 6 B. anthracis could however 
not be made due to a mixed basepair at position 1146 of the latter, which could not be 
confirmed by the sequencing approach used in our study.  

The gyrB gene has been proven to be a useful phylogenetic discriminator for members 
of the Bacillus cereus group14. Whilst phenotypic characters and 16S rDNA analysis of the 
BA isolates pointed towards suspect for B. anthracis identification, PCR of gyrB of the 
isolates was positive for B. anthracis. Regarding the phenotypic and genetic characteristics 
of the BA isolates and since they did not appear to possess a functional pXO2 virulence 
plasmid, as shown by the lack of a detectable capsule, they may best be defined as non-
virulent B. cereus/ B. anthracis sensu lato19. 

Identification of virulent B. anthracis may be troublesome for several reasons, in 
particular in determining the presence of the anthrax virulence plasmids19. First of all, 
merely the possession of both plasmids pXO1 and pXO2 is not enough for B. anthracis to 
cause anthrax. The Carbosap strain of B. anthracis used in Italy to vaccinate cattle 
possesses both plasmids pXO1 and pXO2, but is not lethal, possibly due to low expression5. 
Furthermore, B. anthracis isolates may lack one or both of the virulence plasmids5,26 and 
vice versa the virulence plasmids or homologues thereof can occur in close relatives such as 
B. cereus, which may or may not carry functional anthrax virulence genes9,11,13,15,19,22. 

Molecular and antigenic methods have been developed for the rapid detection of B. 
anthracis4,17,23. For the correct identification of virulent B. anthracis by molecular assays it 
is essential that both multiple chromosomal markers such as rpoB, Ba813 or gyrB as well as 
the virulence genes on both plasmids are targeted10,23. In addition to PCR techniques and 
antigenic assays, there is an increase in reports using other technologies17,23. Most of these 
methods have been designed to occur after infection is suspected4 and as such are not 
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relevant for rapid environmental pathogen detection23. However, all of these methods rely 
on the unlinked identification of markers of virulent B. anthracis strains, meaning that they 
can not determine whether all markers are present within the same strain or in the microbial 
community as a whole and as such, whether or not a virulent B. anthracis is detected. 

For the monitoring and control of microbial hygiene in environments at remote 
locations such as the ISS, it may be difficult to predict certain situations that are critical to 
human health direct and on-site with a rapid and easy to use molecular methodology, before 
the emergence of a clinical case. In natural mixed microbial communities both B. anthracis-
like bacteria and other members of the B. cereus group may co-exist, as was shown in this 
study. As such, the two plasmids pXO1 and pXO2 or their homologues, harbouring the 
virulence factors for anthrax, might occur simultaneously in separate strains of members of 
the B. cereus group within the microbial population, hampering detection of virulent B. 
anthracis by molecular methods. As a result, the risk assessment of the microbial hygiene 
situation and whether it is becoming dangerous to human health is difficult to determine for 
this species by the present methods. 
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The aims of the studies described in this thesis were to (i) study which effect spaceflight 
conditions have on the normal microbiota of the crew; (ii) map the dynamics of microbial 
contamination on board of the ISS and gain insight in which locations are most susceptible 
to microbial growth; and (iii) develop molecular methods for the rapid and easy on-site 
detection and quantification of hazardous microbes and to apply these methods during the 
implementation of the former aims. 

The results presented in Chapter 2 and Chapter 3 confirmed that the steps of sampling 
and sample processing that precede the actual measurement with a molecular detection and 
quantification method such as qrtPCR are crucial for reliable quantification, but also 
showed that these steps at present are still very crude. Several sampling systems and DNA 
extraction methods were evaluated for their suitability to selected criteria for the rapid, easy 
and on-site quantification of bacterial DNA. When used pre-moistened, the median 
recovery efficiency of the four evaluated sampling systems Dacron®, viscose, gauze and 
nylon flocked swab ranged between 35 percent for gauze and 105 percent for the nylon 
flocked swab system, the latter displaying a large variance (Chapter 2). The recovery of 
DNA from defined numbers of bacterial cells that were subjected to three different DNA 
extraction methods, the QIAamp® DNA Mini Kit, Reischl et al.’s method17 and FTA® 
Elute, was measured using qrtPCR for E. coli and S. aureus (Chapter 3). Of these three 
methods, FTA® Elute significantly showed the highest median DNA extraction efficiency 
of 76.9% for E. coli and 108.9% for S. aureus. It was also shown, that of the three DNA 
extraction methods, FTA® Elute was the only method that did not inhibit the qrtPCR assays 
for E. coli and S. aureus. Overall, the combination of the pre-moistened nylon flocked swab 
system with the FTA® Elute method was found to be most suitable to selected criteria for 
the on-site quantitative recovery of bacterial DNA from solid surfaces in terms of rapidity 
and easiness of use, efficiency, toxicity and storage and transport requirements. Ideally, for 
accurate quantification, the combined contribution of the average efficiency and variance of 
the used sampling system and DNA extraction method to the quantification of the methods 
as a whole would need to be taken into account. 

During the development of the methods it became apparent that for cells of some 
species such as S. aureus a huge discrepancy in DNA extraction yields occurs under distinct 
environmental conditions. More specifically, the DNA yield after extraction with a liquid 
DNA extraction method was significantly higher (three to eleven-fold) from cells that were 
pre-applied, dried-up on glass surface and swabbed as compared to cells that remained in 
liquid suspension (Chapter 4). This finding is against the general assumption that cells 
used for the generation of a standard for quantitative molecular methods such as qrtPCR or 
spiking in experimental settings release DNA with the same efficiency as cells that are to be 
sampled5,7,13. The effect demonstrated with S. aureus cells can easily lead to a severe over-
estimation of sampled cells when cell counts are used within a standard, as the amount of 
DNA released from the cells used for the standard or spiking experiment can significantly 
differ from that of sampled cells. 
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The applicability of the FTA® Elute DNA extraction method and the Viscose, Dacron® 
and nylon flocked swab system was demonstrated with the evaluation of microbial samples 
taken in the frame of the ‘SAMPLE’ experiments from the microbiota of three cosmonauts 
and thirty-five locations of the interior of the Zvezda Module during several spaceflight 
missions to the ISS (Fig. 2). 
 

 
 
Figure 2. The Sample Collection Kit, developed for taking microbial samples on the ISS for the ‘SAMPLE’ 
experiments. (A) Empty pouch. (B) The ‘12-pack’,  used for environmental samples. (C) The ‘6-pack’, used for 
cosmonaut samples. (D) The ‘Culture pack’, used for samples to be cultured on Earth. (E) Packing of the pouch. 
(F) ‘6-pack’ on a person’s leg (with seperate Velcro leg strap). (G) Folded ‘12-pack’ and closed ‘Culture Pack’. 
 

In Chapter 5, the occurrence of drastic in-flight changes of the bacterial microbiota of 
three cosmonauts during short missions to the ISS was shown. Major shifts in terms of 
composition -dysbacteriosis- and numbers of the human microbiota were shown during 
spaceflight, often towards (potential) pathogens such as enterobacteria or staphylococci, in 
which several spaceflight-associated parameters may play a role. In this context it may be 
interesting to note, that in terrestrial studies of frailty in the elderly19, a concept which 
encompasses several of the variables that are also encountered during space travel such as 
psychosocial factors or mobility, similar increases of enterobacteria as well as a reduction 
of lactobacilli have been observed. The study described in Chapter 5 demonstrates how the 
human bacterial microbiota adapts during short duration spaceflight to the extreme 
environment constituted by the ISS and subsequently appears to return to pre-flight 
numbers and composition when returning to post-flight ground conditions.  
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Figure 3. Airgrid aboard the Zvezda Module of the International Space Station, one of the sampling locations 
of the ‘SAMPLE’ experiments. Photo: Andre Kuipers. 
 

With the results of DGGE analysis of samples taken from the Zvezda interior, a map 
could be drawn of microbial contamination and several ‘hot spots’, i.e. locations with 
increased bacterial activity, could be identified, such as the airgrid right to the toilet cabin 
door (Fig. 3), toilet cabin (Fig. 4), food consumption area and computers, as described in 
Chapter 6. 16S rDNA sequence analysis of selected bands in DGGE profiles provided 
detailed information on the bacterial species that were present in these hot spots. The results 
of clone libraries generated from samples taken from the airgrid and the nozzle and 
surrounding of the Russian potable warm water container (Fig. 5) were in good agreement 
with the results of the sequence analysis of DGGE bands. In the airgrid, various taxa were 
identified such as Neisseriaceae, Streptococcus sp., Granulicatella sp., Peptoniphilus sp., 
and Corynebacterium sp. The nozzle and surrounding of the warm water container 
appeared to be contaminated with bacteria of taxa such as Sphingomonas paucimobilis 
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group, Lactobacillus sp., Lactococcus lactis, Streptococcus sp., Streptococcus thermophilis 
group, Microbacterium sp. and Delftia sp., as confirmed by both methods. 
 

 
 
Figure 4. Sanitary facility aboard the Zvezda Module of the International Space Station, one of the sampling 
locations of the ‘SAMPLE’ experiments. Photo: Andre Kuipers. 
 

Quantification of the level of bacterial contamination by qrtPCR showed that the 
average level of bacterial DNA of selected species corresponded with approximately 2 × 
104 bacterial cells for most locations that were sampled in the Zvezda Module. These levels 
are in agreement with routine hygiene measures taken aboard the ISS aimed to keep 
bacterial levels below the acceptability limit of 104 colony forming units per 100 cm211,14. 
Furthermore, bacterial DNA was detected of potential pathogens such as E. coli, the 
pathogen Legionella pneumophila and the technophile Delftia acidovorans. 

In addition to the advantages of molecular methods as mentioned in Chapter 1, they 
have the advantage of being more robust as opposed to culturing techniques, which, for 
storage and transport of samples for analysis on Earth, requires the use of a microbial 
transport medium, cooling facilities and the shortest possible transport time to prevent 
possible cell death or cell growth, the latter two of which are difficult to realise for space 
samples. A limitation of using a molecular method is that it detects both viable and non-
viable cells, however the presence of bacterial DNA is a clear indication that bacterial 
activity has occurred. 
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Figure 5. Russian potable warm water container aboard the Zvezda Module of the International Space 
Station, one of the sampling locations of the ‘SAMPLE’ experiments. Photo: Andre Kuipers. 
 

A large part of bacterial species is yet unknown20 and as such, can not be identified 
during surveys of microbial contamination. An example of this is described in Chapter 7, 
where an unidentifiable Gram-positive, motile, rod-shaped, endospore-forming facultative 
aerobic bacterial strain was isolated from the interior of the Zvezda Module. Based on the 
phenotypic characteristics, the intragenomic heterogeneity of it’s 16S rRNA genes and the 
results of phylogenetic analysis of the 16S rDNA sequences, it was proposed that the strain 
represents a novel species of the genus Bacillus, for which we propose the name Bacillus 
zvezdaensis sp. nov. The novel strain appeared to possess at least 10 distinct types of 16S 
rRNA genes, differing most prominently at 65 nucleotide positions in 5 variable regions, 
suggesting that all 16S rRNA molecules are functional. Remarkably, the sequence 
similarity among the strain’s 16S rDNA sequences was 95.7-98.0 %, which may complicate 
detection by molecular methods targeting the 16S rRNA gene. 

Rapid detection of virulent B. anthracis in the environment is essential since the 
infection spreads rapidly and has a high mortality rate16. The correct identification of B. 
anthracis however is challenging, both by conventional culturing techniques and molecular 
methods, due to its close relationship to B. cereus and other members of the B. cereus 
group9,12,15,16. Apart from this, determining the virulence of B. anthracis by molecular 
methods is troublesome. The virulence of B. anthracis depends on the possession of two 
virulence plasmids, pXO1 and pXO21,10. B. anthracis isolates may lack one or both of the 
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virulence plasmids2,18  and vice versa, the plasmids or homologues thereof can occur in 
other closely related species such as B. cereus3,4,6,8,12,15. Due to these factors, rapid and on-
site molecular detection of virulent B. anthracis is problematic when other closely related 
species that may contain the plasmids pXO1 and pXO2 or their homologues are present 
within the same sample, since the present molecular methods can not determine if both 
plasmids are present within the same strain of B. anthracis. This is especially the case in 
environments such as the ISS where build-up of Bacillus spores can occur and multiple 
representatives of the B. cereus group may be present11. This was illustrated in Chapter 8, 
where B. anthracis–like bacteria and other members of the B. cereus group were shown to 
be present in samples taken from the same environment, the interior of the Zvezda Module. 
As such, the risk assessment of the microbial hygiene situation and whether it is becoming 
dangerous to human health is difficult to predict for species such as virulent B. anthracis, 
before the occurrence of a clinical case. 
 
 
Future perspectives and concluding remarks 
 
The molecular methods developed so far appear to be suitable for the intended applications, 
such as the rapid and easy monitoring of microbial contamination on board of a spacecraft 
such as the ISS, or comparable environments on Earth. Future research may aim at the 
further development and optimisation of automated and miniaturised qrtPCR methods with 
integrated sampling and sample processing protocols for the detection and quantification of 
hazardous microbes, however for some bacterial species molecular detection will remain 
challenging. 
The results of the ‘SAMPLE’ experiments have identified locations aboard the Zvezda 
Module with increased bacterial activity, which, first of all, presents good candidates for 
intensified routine monitoring of microbial hygiene. Secondly, the knowledge of which 
bacterial species are present at such hot spots can aid in the development of expanding the 
list of hazardous microbes that can be detected by the molecular methods. 
How the observations of extreme changes of the human microbiota under spaceflight 
conditions precisely relate to health and disease and what the implications will be for 
extended duration space travel remains to be investigated. The risk of microbiological 
diseases may be increased under spaceflight conditions, not only by a lowered resistance 
against pathogens due to a negatively affected immune system of the bacterial host, but also 
by a lowered colonisation-resistance against pathogens due to dysbacteriosis. We anticipate 
that our study will instigate progressive research on in-flight human microbiota adaptations 
in relation to health and disease.  
Most importantly, microbiota management needs to be a serious consideration, particularly 
in view of extended space travel such as anticipated manned missions to Mars. 
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De doelstellingen van de onderzoeken die in deze thesis zijn beschreven waren om (i) te 
bestuderen welke effecten ruimtevaart condities hebben op de normale microbiota van de 
bemanning; (ii) de dynamica van microbiële contaminatie aan boord van het ISS in kaart te 
brengen en inzicht te verwerven over welke locaties het meest vatbaar zijn voor microbiële 
groei; en (iii) moleculaire methoden te ontwikkelen die ter plaatse gebruikt kunnen worden 
voor de snelle en gemakkelijke detectie en kwantificering van gevaarlijke microben en deze 
methoden toe te passen bij de uitvoering van de eerst genoemde doelstellingen. 

De in Hoofdstuk 2 and Hoofdstuk 3 gepresenteerde resultaten bevestigden dat de 
stappen van bemonsteren en monsterverwerking die voorafgaan aan de daadwerkelijke 
meting met een moleculaire detectie en kwantificering methode zoals qrtPCR cruciaal zijn 
voor betrouwbare kwantificering, maar lieten ook zien dat deze stappen momenteel nog erg 
grof zijn. Een aantal bemonsteringssystemen en DNA extractie methoden werd geëvalueerd 
op hun geschiktheid voor geselecteerde criteria voor de snelle en gemakkelijke 
kwantificering van bacterieel DNA die ter plaatse kan worden toegepast. Indien 
voorbevochtigd varieerde de gemiddelde winnings efficiëntie van de vier geëvalueerde 
bemonsteringssystemen Dacron®, viscose, gaas en behaarde nylon swab tussen 35 procent 
voor gaas en 105 procent voor het behaarde nylon swab systeem, waarbij de 
laatstgenoemde een grote variantie vertoonde (Hoofdstuk 2). Het winnen van DNA van 
vastgestelde hoeveelheden bacteriële cellen die werden onderworpen aan drie verschillende 
DNA extractie methoden, de QIAamp® DNA Mini Kit, de methode van Reischl et. al.17 en 
FTA® Elute, werd gemeten met qrtPCR voor E. coli en S. aureus (Hoofdstuk 3). Van deze 
drie methoden vertoonde FTA® Elute significant de gemiddeld hoogste DNA extractie 
efficiëntie van 76.9% voor E. coli en 108.9% voor S. aureus. Ook werd aangetoond, dat van 
de drie DNA extractie methoden FTA® Elute de enige methode was die de qrtPCR assays 
voor E. coli en S. aureus niet remde. Over het geheel genomen werd de combinatie van het 
voorbevochtigde behaarde nylon swab systeem met de FTA® Elute methode het meest 
geschikt bevonden voor geselecteerde criteria voor het ter plaatse kwantitatieve winnen van 
bacterieel DNA van vaste oppervlakten in termen van snelheid en gemak in het gebruik, 
efficiëntie, toxiciteit en opslag en transport vereisten. Voor accurate kwantificering zou, in 
het ideale geval, rekening moeten worden gehouden met de gecombineerde bijdrage van de 
gemiddelde efficiëntie en variantie van het gebruikte bemonsteringssysteem en de DNA 
extractie methode aan de kwantificering van de methoden als geheel. 

Tijdens de ontwikkeling van de methoden werd duidelijk dat voor cellen van sommige 
soorten zoals S. aureus een grote discrepantie optreedt in DNA extractie opbrengst onder 
verschillende omgevings condities. Om precies te zijn, na extractie met een vloeistof DNA 
extractie methode was de DNA oplage significant hoger (drie tot elfvoudig) van cellen die 
op een glazen oppervlakte waren opgebracht, opgedroogd en bemonsterd, in vergelijking 
tot cellen die in vloeistof suspensie bleven (Hoofdstuk 4). Deze bevinding gaat in tegen de 
algemene aanname dat cellen die worden gebruikt voor de vervaardiging van een standaard 
curve voor kwantitatieve moleculaire methoden zoals qrtPCR, of spiking in experimentele 
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settings, DNA vrijlaten met dezelfde efficiëntie als cellen die zullen worden 
bemonsterd5,7,13. Het effect zoals dat werd gedemonstreerd met S. aureus cellen kan 
gemakkelijk leiden tot een ernstige overschatting van bemonsterde cellen indien cel 
tellingen worden gebruikt in een standaard curve, aangezien de hoeveelheid DNA die 
vrijkomt van de cellen die worden gebruikt voor de standaard of het spiking experiment 
significant kan verschillen van dat van bemonsterde cellen. 

De toepasbaarheid van de FTA® Elute DNA extractie methode en het Viscose, Dacron® 
en behaarde nylon swab systeem werd gedemonstreerd met de evaluatie van microbiële 
monsters die werden genomen in het kader van de ‘SAMPLE’ experimenten van de 
microbiota van drie cosmonauten en vijfendertig locaties van het interieur van de Zvezda 
Module gedurende meerdere ruimtevaart missies naar het ISS (Fig. 2, Hoofdstuk 9). 

In Hoofdstuk 5 werd het optreden van drastische veranderingen van de bacteriële 
microbiota van drie cosmonauten tijdens de vlucht gedurende korte missies naar het ISS 
aangetoond. Aanzienlijke verschuivingen in termen van samenstelling -dysbacteriosis- en 
aantallen van de humane microbiota werden aangetoond tijdens ruimtevlucht, vaak in de 
richting van (potentieel) pathogenen zoals enterobacteria of stafylococcen, waarin diverse 
ruimtevaart-geassocieerde parameters een rol kunnen spelen. In deze context kan het 
interessant zijn te bemerken, dat in Aards onderzoek over kwetsbaarheid bij ouderen19, een 
concept dat diverse variabelen omvat die ook worden ondervonden tijdens ruimtevaart 
zoals psychosociale factoren of mobiliteit, een vergelijkbare toename van enterobacteria en 
een reductie van lactobacillen werd waargenomen. Het onderzoek zoals beschreven in 
Hoofdstuk 5 laat zien hoe de humane bacteriële microbiota zich aanpast gedurende een 
kort durende ruimtevlucht aan de extreme omgeving die wordt gevormd door het ISS en 
vervolgens post-vlucht blijkt terug te keren naar de aantallen en samenstelling van pre-
vlucht. 

Met de resultaten van DGGE analyse van monsters die werden genomen van het Zvezda 
interieur kon een map worden samengesteld van microbiële contaminatie en een aantal ‘hot 
spots’ geïdentificeerd, d.w.z. locaties met verhoogde bacteriële activiteit, zoals het 
luchtrooster rechts van de toilet kabine deur (Fig. 3, Hoofdstuk 9), de toilet kabine (Fig. 4, 
Hoofdstuk 9), het voedselconsumptie gebied en computers, zoals beschreven in Hoofdstuk 
6. 16S rDNA sequentie analyse van geselecteerde banden in DGGE profielen verschafte 
gedetailleerde informatie over de bacteriële soorten die aanwezig waren in deze hot spots. 
De resultaten van kloonbanken die werden gegenereerd van monsters genomen van het 
luchtrooster en de tuit van de Russische warm drinkwater container (Fig. 5, Hoofdstuk 9) 
waren in goede overeenstemming met de resultaten van de sequentie analyse van DGGE 
banden. In het luchtrooster werden diverse taxa geïdentificeerd zoals Neisseriaceae, 
Streptococcus sp., Granulicatella sp., Peptoniphilus sp., en Corynebacterium sp. De tuit 
van de warm water container bleek gecontamineerd te zijn met bacteriën van taxa zoals 
Sphingomonas paucimobilis groep, Lactobacillus sp., Lactococcus lactis, Streptococcus sp., 
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Streptococcus thermophilis groep, Microbacterium sp. en Delftia sp., zoals bevestigd met 
beide methoden.  

Kwantificering van de bacteriële contaminatie met qrtPCR liet zien dat het gemiddeld 
bacterieel DNA niveau van geselecteerde soorten correspondeerde met ongeveer 2 × 104 
bacteriële cellen voor de meeste locaties die werden bemonsterd in de Zvezda Module. 
Deze niveaus zijn in overeenkomst met routine hygiëne maatregelen genomen aan boord 
van het ISS die erop zijn gericht om bacteriële niveaus onder de accepteerbaarheids limiet 
van 104 kolonie vormende eenheden per 100 cm2 te houden11,14. Verder werd bacterieel 
DNA gedetecteerd van potentieel pathogenen zoals E. coli, de pathogeen Legionella 
pneumophila en de technofiel Delftia acidovorans. 

Naast de voordelen van moleculaire methoden zoals genoemd in Hoofdstuk 1, hebben 
ze het voordeel meer robuust te zijn dan kweek methoden, die voor opslag en transport van 
monsters voor analyse op Aarde het gebruik vereisen van microbieel transport medium, 
koelfaciliteiten en de kortst mogelijke transport tijd om mogelijke cel dood of cel groei te 
voorkomen, waarvan de laatste twee moeilijk zijn te realiseren voor ruimte monsters. Een 
beperking bij het gebruik van een moleculaire methode is dat het zowel levensvatbare als 
niet-levensvatbare cellen detecteert, echter de aanwezigheid van bacterieel DNA is een 
duidelijke aanwijzing dat er bacteriële activiteit is opgetreden. 

Een groot aantal bacteriële soorten is nog onbekend20 en kan als zodanig niet worden 
geïdentificeerd bij surveys van microbiële contaminatie. Een voorbeeld hiervan staat 
beschreven in Hoofdstuk 7, waar een onidentificeerbare Gram-positieve, beweeglijke, 
staaf-vormige, endospore-vormende facultatief aerobe bacteriële stam werd geisoleerd van 
het interieur van de Zvezda Module. Gebaseerd op de fenotypische karakteristieken, de 
intragenomische heterogeniteit van diens 16S rRNA genen en de resultaten van 
fylogenetische analyse van de 16S rDNA sequenties, is voorgesteld dat de stam een nieuwe 
soort van het genus Bacillus vertegenwoordigt, waarvoor we de naam Bacillus zvezdaensis 
sp. nov voordragen. De nieuwe stam bleek tenminste 10 verschillende types 16S rRNA 
genen te bezitten, die het meest prominent verschillen op 65 nucleotide posities in 5 
variable regionen, hetgeen suggereert dat alle 16S rRNA moleculen functioneel zijn. 
Opmerkelijk is dat de sequentie gelijkenis onder de 16S rDNA sequenties van de stam 95.7-
98.0 % was, hetgeen detectie door moleculaire methoden die zich op het 16S rRNA gen 
richten kan compliceren. 

Snelle detectie van virulente B. anthracis in de omgeving is essentieel aangezien de 
infectie zich snel verspreid en een hoog sterftecijfer heeft16. De correcte identificatie van B. 
anthracis is echter een uitdaging, zowel voor conventionele kweek methoden als 
moleculaire methoden, als gevolg van diens nauwe verwantschap met B. cereus en andere 
leden van de B. cereus groep9,12,15,16. Daarnaast is de bepaling van de virulentie van B. 
anthracis door moleculaire methoden lastig. De virulentie van B. anthracis hangt af van het 
bezit van twee virulentie plasmiden, pXO1 en pXO21,10. B. anthracis isolaten kunnen een of 
beide virulentie plasmiden missen2,18 en vice versa kunnen de plasmiden of homologen 
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daarvan voorkomen in andere nauw verwante soorten zoals B. cereus3,4,6,8,12,15. Als gevolg 
van deze factoren is snelle moleculaire detectie die ter plaatse kan worden uitgevoerd van 
virulente B. anthracis problematisch als andere nauw verwante soorten die de plasmiden 
pXO1 en pXO2 of hun homologen kunnen bevatten in hetzelfde monster aanwezig zijn, 
aangezien de huidige moleculaire methoden niet kunnen bepalen of beide plasmiden 
aanwezig zijn in dezelfde stam van B. anthracis. Dit is in het bijzonder het geval in 
omgevingen zoals het ISS waar ophoping van Bacillus sporen kan optreden en meerdere 
vertegenwoordigers van de B. cereus groep aanwezig kunnen zijn11. Dit is geïllustreerd in 
Hoofdstuk 8, waar B. anthracis-achtige bacteriën en andere leden van de B. cereus groep 
werden aangetoond in monsters genomen uit dezelfde omgeving: het interieur van de 
Zvezda Module. Als zodanig is de risico bepaling van de microbiële hygiëne situatie en of 
dit gevaarlijk wordt voor de gezondheid van de mens moeilijk te voorspellen voor soorten 
zoals virulente B. anthracis, vóór het optreden van een klinisch geval. 
 
 
Toekomst perspectieven en concluderende opmerkingen 

 
De moleculaire methoden die tot zover zijn ontwikkeld blijken geschikt te zijn voor de 

bedoelde toepassingen, zoals de snelle en gemakkelijke monitoring van microbiële 
contaminatie aan boord van een ruimtevaartuig zoals het ISS, of vergelijkbare omgevingen 
op Aarde. Toekomstig onderzoek kan zich richten op de verdere ontwikkeling en 
optimalisatie van geautomatiseerde en geminiaturiseerde qrtPCR methoden met 
geïntegreerde bemonsterings en monsterverwerkings protocollen voor de detectie en 
kwantificering van gevaarlijke microben, echter voor sommige bacteriële soorten zal 
moleculaire detectie een uitdaging blijven.  

De resultaten van de ‘SAMPLE’ experimenten hebben locaties met verhoogde 
bacteriële activiteit aan boord van de Zvezda Module geïdentificeerd, hetgeen ten eerste 
goede kandidaten levert voor geïntensiveerde routine monitoring van microbiële hygiëne. 
Ten tweede kan de kennis over welke bacteriële soorten aanwezig zijn op zulke hot spots  
helpen bij de ontwikkeling van de uitbreiding van de lijst met gevaarlijke microben die 
kunnen worden gedetecteerd door de moleculaire methoden. 

Hoe de observaties van extreme veranderingen van de humane microbiota onder 
ruimtevaart condities zich precies verhouden tot gezondheid en ziekte en wat de implicaties 
zullen zijn voor langdurige ruimtereizen blijft nog te onderzoeken. Het risico op microbiële 
ziekten kan verhoogd zijn onder ruimtevaart condities, niet alleen door een verlaagde 
weerstand tegen pathogenen als gevolg van een negatief beïnvloed immuunsysteem van de 
bacteriële gastheer, maar ook door een verminderde kolonisatie weerstand tegen 
pathogenen als gevolg van dysbacteriosis. We voorzien dat ons onderzoek voortschrijdend 
onderzoek in gang zal zetten over in-vlucht humane microbiota aanpassingen in relatie tot 
gezondheid en ziekte. 
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Bovenal moet microbiota management een ernstige consideratie zijn, in het bijzonder 
met het oog op langdurige ruimtereizen zoals geanticipeerde missies naar Mars. 
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