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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 
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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 
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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 
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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 *. 
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