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Phenotypic and Gene Expression Responses of E. coli to Antibiotics during Spaceflight 

Thesis directed by Associate Professor Dr. David Klaus and Research Professor Dr. Louis 

Stodieck 

Bacterial susceptibility to antibiotics has been shown in vitro to be reduced during 

spaceflight; however, the underlying mechanisms responsible for this outcome are not fully 

understood. In particular, it is not yet clear whether this observed response is due to 

increased drug resistance (a microbial defense response) or decreased drug efficacy (a 

microgravity biophysical mass transport effect).  To gain insight into the differentiation 

between these two potential causes, an investigation was undertaken onboard the 

International Space Station (ISS) in 2014 termed Antibiotic Effectiveness in Space-1 (AES-

1). For this purpose, E. coli was challenged with two antibiotics, Gentamicin Sulfate and 

Colistin Sulfate, at concentrations higher than those needed to inhibit growth on Earth. 

Phenotypic parameters (cell size, cell envelope thickness, population density and lag phase 

duration) and gene expression were compared between the spaceflight samples and ground 

controls cultured in varying levels of drug concentration. It was observed that flight 

samples proliferated in antibiotic concentrations that were inhibitory on Earth, growing on 

average to a 13-fold greater concentration than matched 1g controls. Furthermore, at the 

highest drug concentrations in space, E. coli cells were observed to aggregate into visible 

clusters. In spaceflight, cell size was significantly reduced, translating to a decrease in cell 

surface area to about one half of the ground controls. Smaller cell surface area can in turn 

proportionally reduce the rate of antibiotic molecules reaching the cell. Additionally, it was 

observed that genes – in some cases more than 2000 – were overexpressed in space with 

respect to ground controls. Up-regulated genes include poxB, which helps catabolize glucose 

into organic acids that alter acidity around and inside the cell, and the gadABC family 
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genes, which confer resistance to extreme acid conditions. The next step is to characterize 

the mechanisms behind the observed gene expression, its implications, and most 

importantly, how this knowledge can help prevent the acquisition and spread of antibiotic 

resistance in pathogens on Earth.    

 

 

 



 

DEDICATION 

I would like to dedicate this thesis to my parents, who gave the little they had to 

ensure I would have the opportunity of an education. Their efforts and struggles have 

allowed me to have a key to unlock the mysteries of our world, and beyond.  

 

 



 vi 

ACKNOWLEDGEMENTS 

I would like to start thanking my wife, Maria, for all the support she has given me: 

thank you for being the stars in my night sky and for letting me draw strength from you. 

Secondly, it is only fair to recognize that my work was possible because of the scientific 

foundations laid before me, including the research conducted by my advisers Dr. David 

Klaus and Dr. Louis Stodieck on space life sciences: I appreciate your patience and the 

teachings you have given me during these years. I would also like to thank Louis for 

believing in me and giving me the extraordinary opportunities I’ve had at BioServe Space 

Technologies.   

Funding for my work mainly came from BioServe and the spaceflight experiment’s 

data analysis effort was funded under Grant Agreement (GA-2014-146) as part of the 

International Space Station National Laboratory through the Center for the Advancement 

of Science in Space, Inc. (CASIS) (NASA Cooperative Agreement No. NNH11CD70A) and 

the German Academic Exchange Service (DAAD) and the German Aerospace Center (DLR). 

I would like to thank everybody who played a role in the successful execution and analysis 

of my ground and spaceflight experiments, and those who have given me advice during the 

last five years, including Jim Voss, Joe Tanner, Paul Koenig, Jolien Tyler, Christine 

Fanchiang, Mark Rupert, Shankini Doraisingam, Chris Nie, Kirstyn Johnson, Nripesh 

Prasad; Dr. Ralf Möller, Andrea Schröder, Vanessa Neumann, Stefan Leuko, Birgit Ritter, 

and the team at DLR’s Aerospace Medicine Institute; NASA astronauts Rick Mastracchio 

and Mike Hopkins. I would like to finish thanking my family, friends, and committee 

members: Macarena Parra from NASA Ames, and Dr. JoAnn Silverstein and Dr. Sedat 

Biringen from CU.  



 vii 

 

TABLE OF CONTENTS 

DEDICATION ............................................................................................................................. V 
ACKNOWLEDGEMENTS ........................................................................................................ VI 
TABLE OF CONTENTS .......................................................................................................... VII 
LIST OF TABLES ....................................................................................................................... X 
LIST OF FIGURES ................................................................................................................... XI 
ACRONYMS ............................................................................................................................. XV 
1. INTRODUCTION .................................................................................................................... 1 

1.1 PROBLEM STATEMENT ......................................................................................... 4 
1.2 RATIONALE .............................................................................................................. 4 

1.2.1 Implications in Space ......................................................................................... 5 
1.2.2 Implications on Earth ......................................................................................... 6 

1.3 THESIS OBJECTIVES ............................................................................................. 8 
1.4 HYPOTHESES .......................................................................................................... 8 

1.4.1 Antibiotic: Gentamicin Sulfate .......................................................................... 9 
1.4.2 Antibiotic: Colistin Sulfate ................................................................................. 9 

2. BACKGROUND .................................................................................................................... 11 
2.1 ASTRONAUT-RELATED PHENOMENA ............................................................. 14 

2.1.1 Astronaut Immunosuppression ....................................................................... 14 
2.1.2 Increased Microflora Exchange ....................................................................... 15 

2.2 BACTERIA-RELATED PHENOMENA ................................................................. 16 
2.2.1 Growth ............................................................................................................... 16 
2.2.2 Mutation Rate ................................................................................................... 17 
2.2.3 Cell Envelope Thickness .................................................................................. 18 
2.2.4 Virulence ........................................................................................................... 19 

2.3 ANTIBIOTIC-RELATED PHENOMENA .............................................................. 19 
2.3.1 Antibiotic Effectiveness .................................................................................... 19 
2.3.2 Antibiotic Shelf life ........................................................................................... 20 

2.4 RISK OF INFECTIOUS DISEASE DURING SPACEFLIGHT ............................ 21 
2.5 CURRENT HYPOTHESES BEHIND THE PHENOMENA INVESTIGATED IN 
THIS THESIS ................................................................................................................ 22 

2.5.1 Extracellular Mass Transport .......................................................................... 23 
3. MATERIALS AND METHODS ............................................................................................ 26 

3.1 BACTERIAL MODEL SELECTECTION ............................................................... 26 
3.2 GROWTH MEDIUM AND TEMPERATURE ........................................................ 27 
3.3 CULTURE HARDWARE: FLUID PROCESSING APPARATUS (FPA) .............. 28 
3.4 ANTIBIOTICS ......................................................................................................... 28 
3.5 BASELINE LOWEST ANTIBIOTIC CONCENTRATION ................................... 29 
3.6 FIXATIVE ................................................................................................................ 30 
3.7 OPTICAL DENSITY AND CELL CONCENTRATION COUNT .......................... 30 
3.8ANALSYS OF CELL MORPHOLOGY: PHASE CONTRAST AND 
TRANSMISSION ELECTRON MICROSCOPY (TEM) .............................................. 31 



 viii 

4. IN-VITRO ANTIBIOTIC ACTIVITY AND BACTERIAL CELLULAR 
ENVELOPE INVESTIGATIONS IN SPACE .......................................................................... 34 

4.1 ASSESSMENT OF THE METHODOLOGIES USED ON SPACE-BASED 
INVESTIGATIONS ....................................................................................................... 36 

4.1.1 Limitations of Experiments Conducted in Space ........................................... 36 
4.1.2 Potential Re-Adaptation to 1g ......................................................................... 37 
4.1.3 Growth Medium ................................................................................................ 38 
4.1.4 Motility .............................................................................................................. 38 

4.2 REVIEW OF THE RESULTS ................................................................................. 39 
4.2.1 Changes in Antibiotic Activity in-vitro in Space ............................................ 39 
4.2.2 Changes in Cellular Envelope in Space .......................................................... 41 

4.3 DISCUSSION .......................................................................................................... 41 
4.3.1 Gravity vs. Cosmic Radiation ........................................................................... 42 
4.3.2 The Role of Fluid Behavior .............................................................................. 43 
4.3.3 Relationship between Cellular Envelope and Antibiotic Activity ................. 44 
4.3.4 Statistical Significance and Potential Re-Adaption to 1g .............................. 45 

4.4 RECOMMENDATIONS FOR FUTURE RESEARCH .......................................... 45 
5. OBSERVED PHENOTYPIC CHANGES IN E. COLI CHALLENGED WITH 
ANTIBIOTICS IN SPACEFLIGHT .......................................................................................... 52 

5.1 MATERIALS AND METHODS .............................................................................. 53 
5.1.1 Sample Preparation and Loading .................................................................... 53 
5.1.2 Operations Timeline ......................................................................................... 53 
5.1.3 Replicates and Ground Controls ...................................................................... 55 

5.2 RESULTS ................................................................................................................. 56 
5.2.1 Bacterial Population Density and Lag Phase ................................................. 56 
5.2.2 Launch Delays and their Impact on the Colistin Sulfate Samples ............... 57 
5.2.3 Bacterial Growth When Challenged With Gentamicin Sulfate .................... 58 
5.2.4 Bacterial Culture Morphology ......................................................................... 60 
5.2.5 Cell Size ............................................................................................................ 61 
5.2.6 Cellular Envelope Thickness ........................................................................... 63 

5.3 CONCLUSIONS ...................................................................................................... 64 
5.4 DISCUSSION .......................................................................................................... 65 

6. GENE EXPRESSION CHANGES IN E. COLI CHALLENGED WITH GENTAMICIN 
SULFATE IN SPACEFLIGHT ................................................................................................. 68 

6.1 METHODOLOGY .................................................................................................... 69 
6.2 PER-DRUG APPROACH ........................................................................................ 70 
6.3 PER-SCENARIO APPROACH ............................................................................... 74 

6.3.1 Twenty-five µg/mL ............................................................................................ 74 
6.3.2 Fifty µg/mL ....................................................................................................... 76 
6.3.3 Seventy-five µg/mL ........................................................................................... 79 

6.4 LINEAR ANALYSIS ............................................................................................... 81 
6.5 GENES ASSOCIATED WITH RESISTANCE TO AMINOGLYCOSIDES .......... 84 
6.6 GENES ASSOCIATED WITH OXIDATIVE STRESS .......................................... 85 
6.7 GENES ASSOCIATED WITH ACID RESISTANCE ............................................ 86 
6.8 SUMMARY .............................................................................................................. 88 
6.9 DISCUSSION .......................................................................................................... 90 

6.9.1 Resistance to Aminoglycosides ........................................................................ 91 
6.9.2 Acid Response ................................................................................................... 91 



 ix 

6.9.3 Role of the rpoS gene and σS ............................................................................ 92 
6.9.4 Apoptosis ........................................................................................................... 92 
6.9.5 Oxidative Stress ................................................................................................ 93 
6.9.6 Metabolism ........................................................................................................ 94 
6.9.7 Other Studies .................................................................................................... 96 

7. CONCLUSIONS .................................................................................................................... 97 
8. DISCUSSION ...................................................................................................................... 105 

8.1 PROPOSED MODEL ............................................................................................ 106 
8.2 THESIS CONTRIBUTIONS ................................................................................. 114 

9. RECOMMENDATIONS ...................................................................................................... 116 
9.1 FOR INVESTIGATORS STARTING SPACE-BASED RESEARCH .................. 116 
9.2 FOR NEXT RESEARCH STEPS .......................................................................... 117 

REFERENCES ........................................................................................................................ 118 
APPENDIX 1 - E. COLI GROWTH PROCEDURE ............................................................... 130 

Preparation of Growth Medium .............................................................................. 130 
Inoculation ............................................................................................................... 132 
Growth of individual cultures and concentration measurements ........................ 133 

APPENDIX 2 - AES-1 TIMELINE ......................................................................................... 136 
APPENDIX 3 - AES-1 TEMPERATURE PROFILES ........................................................... 138 
APPENDIX 4 - PAPERS PRODUCED FROM THIS WORK ............................................... 139 
APPENDIX 5 - LIST OF AES-1 DIFFERENTIALLY EXPRESSED GENES ..................... 141 

 
 

 

  



 x 

LIST OF TABLES 

Table 1. Phenomena observed in spaceflight that may jeopardize astronauts' health.
 .................................................................................................................................................... 13	  

Table 2. Bacterial information, independent variables and data acquisition 
methodologies. ........................................................................................................................... 48	  

Table 3. Materials, experimental conditions and hardware ....................................... 48	  
Table 4. List of overlapping up-regulated genes throughout all three groups, their 

respective functions and the value of its overexpression in space with respect to matched 
ground controls. ......................................................................................................................... 72	  

Table 5. List of overlapping down-regulated genes throughout all three groups, their 
respective functions and the value of its overexpression in space with respect to matched 
ground controls. ......................................................................................................................... 73	  

Table 6. List of genes overexpressed at least by a 10-fold in the 25 µg/mL samples. 75	  
Table 7. List of genes overexpressed at least by a 10-fold in the 50 µg/mL samples. 78	  
Table 8. List of genes overexpressed at least by a 10-fold in the 75 µg/mL samples. 80	  
Table 9. List of genes associated with resistance to aminoglycoside antibiotics. ...... 85	  
Table 10. List of genes associated with oxidative stress and their fold in/decrease. . 86	  
Table 11. List of 𝜎𝑆-regulated genes associated with acid resistance and their fold 

increase. ..................................................................................................................................... 87	  
Table 12. List of non-𝜎𝑆-regulated genes associated with acid resistance and their 

fold in/decrease. ......................................................................................................................... 87	  
Table 13. AES-1 differentially expressed genes of special interest and their fold 

in/decrease. Genes with a white background are associated with acid response; those in a 
light brown background are associated with lysis; in light blue with metabolic processes, 
and in dark gray with trans-membrane transport. ................................................................. 90	  

Table 14. Synopsis of differences on spaceflight cultures challenged with Gentamicin 
Sulfate (except “Cell concentration at time of antibiotic introduction”, where cultures were 
antibiotic-free) with respect to matched ground controls, and their paired student t test. .. 99	  

Table 15. Summary of conclusions from the gene expression observed in space with 
respect to the matched ground controls. ................................................................................ 104	  

Table 16. Potential extracellular fluid environment explanations to the observed 
differential gene expression. Up-arrow indicates up-regulation; down arrow down-
regulation. ................................................................................................................................ 108	  

Table 17. Conclusions reached about each hypothesis. “G” speaks of Gentamicin 
Sulfate, while “C” of Colistin Sulfate. .................................................................................... 111	  

Table 18. ME minimal growth medium constituents. Constituents and their required 
amounts to produce 100 mL of 50X Medium E (Vogel & Bonner, 1956). ............................. 130	  

Table 19. AES-1 detailed timeline. All dates and times are MDT. Dates are in the 
mm/dd/yy format. The 24-hour time format is used for time. FPA = Fluid Processing 
Apparatus. ETC = Environmental Test Chamber. CGBA = Commercial Generic 
Bioprocessing Apparatus. GAP = Group Activation Pack. ISS = International Space Station. 
MELFI = Minus Eighty Degrees Laboratory for ISS. ........................................................... 136	  
 

  



 xi 

LIST OF FIGURES 

Figure 1. Distribution of bacterial species used on spaceflight experiments. E. coli has been 
the most commonly flown bacterial species to date (54 experiments), based on a study of 
over 171 space-based in vitro experiments (Zea et al., 2014). .......................................... 26	  

Figure 2. Fluid Processing Apparatus (FPA). BioServe’s FPA loaded with colored solutions 
to best describe the actual contents per chamber of the AES-1 spaceflight experiment 
configuration: A – 2.75 mL of sterile growth medium with glucose; B – 0.50 mL of 
inoculum in growth medium; C – 0.25 mL of antibiotic solution; D – 2.10 mL of fixative 
(either paraformaldehyde or RNA Later II). In this figure, pushing from right to left 
would move the septum separating chambers A and B into the bypass, thus allowing for 
the solution in chamber B to be transferred and mixed into chamber A. The actual 
solutions as flown in AES-1 were all colorless. .................................................................. 28	  

Figure 3. Cell size measurement. Originally, cell size measurements were going to be 
acquired dying the cells with FM4-64 and DAPI stains and observing them with 
fluorescence microscopy, as shown in image (A) – image taken with a Zeiss 510 confocal 
laser scanning microscope. However, it was more convenient to acquire these 
measurements via phase contrast microscopy (B) – image taken with a Nikon E600 
Widefield Microscope. (C) A bacterial cell was modeled as a rectangular cylinder with 
two hemispheres of total length L and diameter D, as measured on the microscope 
images. This capsule was composed of a cylinder of length L-D and two hemispheres of 
diameter D. The minimal cross section area is shown as the green, circular projection, 
and the maximum as the red projection. ........................................................................... 32	  

Figure 4. Evolution of knowledge on antibiotic activity and cellular envelope changes in 
space. Missions on a thick line box indicate that samples were fixed in space and 
therefore were not potentially compromised by re-adaptation to 1g and present 
statistical analyses on the results. A star on the upper-right corner of a box indicates a 
statistically-significant result. Boxes in tan represent results. Boxes in light gray 
represent a potential confounding factor. .......................................................................... 50	  

Figure 5. AES-1 operational timeline. The experiment start was indicated by inoculum 
introduced into the growth medium (A). Nineteen hours later, at the expect end of lag 
phase under these conditions, the antibiotic was introduced (B).Finally, samples were 
fixed (C) for post-flight analysis. ........................................................................................ 54	  

Figure 6. Astronaut Mike Hopkins operating an AES-1 GAP onboard ISS. The cranking 
motion allowed for the fluid in a chamber to travel to the next within each of the eight 
FPAs. .................................................................................................................................... 55	  

Figure 7. Final cell count when challenged with Colistin Sulfate. No trends in final cell 
count were observed as a function of drug concentration. It is believed that the long-
term storage at 4°C – due to a series of launch delays – degraded the quality of the drug 
solutions. .............................................................................................................................. 58	  

Figure 8. Final cell count when challenged with Gentamicin Sulfate. Higher cell population 
counts were observed in space with respect to ground (13-fold increase in average). 
Although there appears to be a decrease in magnitude at 150 and 175 µg/ml with 
respect to 125 µg/ml and less, this is misleading as accurate values were hard to acquire 
either by cell count or optical density due to cell aggregation in these samples. It is 
estimated that values at 150 and 175 µg/ml were roughly equivalent to that of 125 



 xii 

µg/ml. Bars indicate standard error, n = 4 for all except for spaceflight at 25 
and 50 µg/ml (n = 3, each), and 175 µg/ml (n = 2), as only the samples for which it was 
certain that the antibiotic was fully introduced were considered. ................................... 59	  

Figure 9. Liquid Culture Morphology. E. coli commonly grows in ME growth medium with 
uniform fine turbidity as seen in the ground control (A). Some of the spaceflight samples 
challenged with Colistin Sulfate showed cohesive, viscous clouds of cells (B) not 
observed on the matched ground controls. Similarly, spaceflight samples challenged 
with the highest concentrations of Gentamicin Sulfate tended to aggregate into a single 
cluster (box in (C)). The images on the right show E. coli cultures under phase contrast 
microscopy. Image (D) shows regular growth on a ground control sample challenged 
with the lowest concentration of Gentamicin Sulfate (25 µg/ml) and (E) a spaceflight 
sample challenged with the highest concentration of the same drug 125 µg/ml. The 
differences in cell size and aggregation are noticeable. Images were taken with a Nikon 
E600 Widefield Microscope. ................................................................................................ 60	  

Figure 10. Cell length vs. cell diameter. In space, cells grew to be only a 71% of the length of 
the ground controls (t(310) = -2.07, p = 0.0389) and 78% of their diameter (t(310) = -2.33, 
p = 0.0203). .......................................................................................................................... 62	  

Figure 11. Cell size differences in between spaceflight and matched ground controls. The 
decrease in cell length and diameter translated into an average reduction of cell surface 
area to 54% of its value on Earth (t(310) = -2.53, p = 0.0119). Maximum cross section 
area was also reduced to 54% of that observed on the ground (t(310) = -2.48, p = 0.0139) 
and cell volume to 41% of the ground control value (t(310) = -2.35, p = 0.0196). ............ 62	  

Figure 12. Transmission Electron Microscopy (TEM) images of E. coli. E. coli challenged 
with 50 µg/mL of Gentamicin Sulfate on Earth (A) and another challenged with 175 
µg/mL of Gentamicin Sulfate in space (B). It cannot yet be elucidated if the differences 
observed are due to the gravitational environment or because of drug concentration, but 
the fact that there are differences is observable. Images taken with a Philips CM 100 
TEM microscope operated at an accelerating voltage of 80 kV and equipped with an 
OSIS Veleta digital slow scan 2k x 2k CCD camera. ........................................................ 63	  

Figure 13. Preliminary cell envelope thickness data. No appropriate statistical analysis was 
possible at the time of publishing this thesis. However, data for the missing testing 
conditions was being acquired at time of print. ................................................................. 64	  

Figure 14. Number of genes down- and up-regulated in the spaceflight samples with respect 
to matched ground controls. ............................................................................................... 69	  

Figure 15. (A) shows that, from the 2172 overexpressed genes in the 50 µg/mL set (yellow 
bubble), 122 were also up-regulated in the 25 µg/mL group, 281 were in common with 
the 75 µg/mL set, and only 28 were overexpressed in all three groups. A similar analysis 
is shown in (B); only 1 gene was commonly down-regulated among all three groups. .... 70	  

Figure 16. An analysis of the 29 commonly differentiated genes throughout the test groups 
allow to see the distribution of the proteins they synthesize (A), their molecular 
functions (B), biological processes (C), cellular components (D), and related pathways 
(E). ........................................................................................................................................ 74	  

Figure 17. Distribution of the proteins synthesized (A) by all the differentially expressed 
genes in the 25 µg/mL group, their molecular functions (B), biological processes (C), 
cellular components (D), and related pathways (E). ......................................................... 76	  

Figure 18. Distribution of the proteins synthesized (A) by all the differentially expressed 
genes in the 50 µg/mL group, their molecular functions (B), biological processes (C), 
cellular components (D), and related pathways (E). ......................................................... 79	  



 xiii 

Figure 19. Distribution of the proteins synthesized (A) by all the differentially 
expressed genes in the 75 µg/mL group, their molecular functions (B), biological 
processes (C), cellular components (D), and related pathways (E). .................................. 81	  

Figure 20. Predicted impacted proteins from the differentially expressed genes (A) and their 
molecular functions (B). A decrease in synthesis as drug concentration was increased 
was observed on hydrolases, and nucleic acid binding proteins, while the opposite was 
true for oxidoreductases. In terms of molecular functions, an increase-trend was 
observed on catalytic activity, a decrease was noted in binding, and no changes are 
noticeable in transporter activity, nucleic acid binding transcription factor activity, or 
structural molecule activity. ............................................................................................... 82	  

Figure 21. Impacted cellular components (C) and biological processes (D) from the 
differentially expressed genes. Regarding cellular components, no trends were observed 
in cell part, membrane, macromolecular complex, or organelles. An increase in 
extracellular region was observed.  In terms of impacted biological processes, no trends 
were noted as a function of drug concentration, including on response to stimulus. ...... 83	  

Figure 22. Impacted pathways by the differential gene expression. No trends were observed 
as a function of drug concentration on de novo purine biosynthesis, N-acetylglucosamine 
metabolism, or in tryptophan or tyrosine biosynthesis. An increase was noted in 
chorismate biosynthesis and de novo pyrmidine ribonucleotides biosynthesis. There was 
a decrease in folate biosynthesis. ....................................................................................... 84	  

Figure 23. E. coli metabolic pathways, compiled from (Liu & Jarboe, 2012) and (Chang et 
al., 1994). Most of the genes associated with these metabolic pathways were 
overexpressed in the spaceflight samples with respect to the ground controls. .............. 95	  

Figure 24. Differential expression of the 31 genes associated with conferring resistance to 
the aminoglycosides class of antibiotics in terms of general distribution (A) and per-
scenario (B). ....................................................................................................................... 101	  

Figure 25. Differential expression of the 48 genes associated with conferring resistance to 
the oxidative stress in terms of general distribution (A) and per-scenario (B). ............. 102	  

Figure 26. Differential expression of the 35 genes associated with acid resistance in terms 
of general distribution (A) and per-scenario (B). (C) shows that 10 out of 13 genes that 
are up-regulated by acetate were overexpressed. Similarly, 9 out of 11 RpoS-dependent 
genes that confer acid resistance under high-acidity environments, but that abolish 
their dependence on RpoS under extreme conditions (rpoS was not up-regulated), were 
up-regulated (D). ............................................................................................................... 103	  

Figure 27. Graphical models of altered extracellular fluid environment. Red indicates high 
concentration of a chemical component and blue is a low concentration. The white circle 
is a simplification of a bacterial cell in the fluid. (A) and (C) represent the microgravity 
environment while (B) and (D) the 1g environment, where a cell sediments. ............... 107	  

Figure 28. Hypothesized process that explains the observed increased bacterial 
proliferation in space (regardless if cells were challenged with antibiotics). ................ 109	  

Figure 29. Hypothesized process that explains the observed bacterial proliferation in 
concentrations of antibiotics that are inhibitory on Earth. ............................................ 110	  

Figure 30. The activation of the entericidin locus and eventual cell death.  No 
overexpression of the rpoS gene was observed, so it is not yet clear what caused the 
activation of ecnAB. Learning of an alternative activator of this locus, which might have 
been up-regulated in spaceflight, could serve as a novel drug target. ........................... 110	  

Figure 31. Evolution of knowledge diagram with conclusion and hypotheses derived from 
this thesis work. ................................................................................................................ 112	  



 xiv 

Figure 32. Used quadrants in hemacytometer. ..................................................................... 133	  
Figure 33. AES-1 flight and ground control temperatures. .................................................. 138	  
 

 

  



 xv 

ACRONYMS 

API  Active Pharmaceutical Ingredient 

ASTP  Apollo-Soyuz Test Project 

BSL  BioSafety Level 

CAL  Central Analytical Lab 

CDC  Center for Disease Control and Prevention 

CI  Confidence Interval 

CRS  Commercial Resupply Services 

FPA  Fluid Processing Apparatus 

FSB  Fundamental Space Biology 

HARV  High Aspect Rotating Vessel 

HRR   Human Research Roadmap 

ICE  Isolated Confined Environment 

ISS  International Space Station 

JSC  Johnson Space Center 

LCMS  Liquid Chromatography Mass Spectrometry 

MIC  Minimum Inhibitory Concentration 

MRSA  Methicillin-Resistant Staphylococcus aureus 

NASA  National Aeronautics and Space Administration 

NIH  National Institutes of Health 

OD  Optical Density 

PD  Pharmacodynamics 

RWV  Rotating Wall Vessel 



 xvi 

SE  Standard Error 

SMG  Simulated Microgravity 

UPLC  Ultra-High Performance Liquid Chromatography 

USP  United State Pharmacopeia 

 



 1 

 

CHAPTER I 

INTRODUCTION 

Long-term exploration of space introduces numerous risks to astronauts’ health with 

altered human-microbe interaction presenting a variety of concerns. The spacecraft itself 

creates an environmental niche for bacterial growth as well as for facilitating microflora 

exchange among its crew (Ilyin, 2005; Novikova, 2004; Taylor & Sommer, 2005). 

Additionally, astronauts’ immune systems are thought to become suppressed, possibly due 

to factors such as stress, microgravity, or radiation (Borchers, Keen, & Gershwin, 2002; 

Stowe, Pierson, & Barrett, 2001). Bacteria also behave differently in space, most notably in 

terms of generally enhanced proliferation (Benoit & Klaus, 2007; Kacena, Merrell, et al., 

1999; David Klaus, Simske, Todd, & Stodieck, 1997; Klaus, Luttges, & Stodieck, 1994; 

Tixador, Richoilley, Gasset, Planel, et al., 1985; Todd et al., 1998) and modified biofilm 

formation (Kim et al., 2013; McLean, Cassanto, Barnes, & Koo, 2001). Increased virulence, 

or capacity to cause disease, has been observed (Crabbe et al., 2011; Nickerson et al., 2000; 

Wilson et al., 2007), a thicker cell envelope was noted in one investigation (Tixador, 

Richoilley, Gasset, Planel, et al., 1985), and genetic recombination via conjugation has been 

shown to increase (Ciferri, Tiboni, Di Pasquale, Orlandoni, & Marchesi, 1986). Reduced 

bacterial susceptibility to antibiotics has also been documented for over three decades 

(Juergensmeyer, Juergensmeyer, & Guikema, 1999; Kacena & Todd, 1999; Kitts et al., 
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2009; Klaus & Howard, 2006; Lapchine et al., 1986, 1987; Moatti et al., 1986; Parra, Ricco, 

Yost, McGinnis, & Hines, 2008; Ricco et al., 2010; Tixador et al., 1994; Tixador, Richoilley, 

Gasset, Planel, et al., 1985; Tixador, Richoilley, Gasset, Templier, et al., 1985). Finally, 

medication shelf life has been shown to be reduced in space by up to 1/3 the usable life on 

Earth (Du et al., 2011) and there is evidence that the bioavailability of orally-administered 

drugs may be decreased in space (Tietze & Putcha, 1994). 

Besides the problems that each of these responses might present individually, they 

potentially could interact to negatively impact the health of astronauts. For example, an 

increase in genetic recombination raises the probability of antibiotic resistant traits being 

transferred from one bacterial strain to another. Increased microflora exchange facilitates 

the transmission of these antibiotic-resistant strains from one crewmember to another, as 

has been documented to occur in Soviet space stations and at the International Space 

Station (ISS) (Ilyin, 2005). Increased bacterial virulence and decreased astronaut immune 

function produce conditions more likely to cause bacterial infection. A correlation between 

antibiotic resistance and increased cell wall thickness – both documented in separate 

spaceflight studies – has been observed terrestrially (Sieradzki & Tomasz, 2003). 

Furthermore, reduced susceptibility to antibiotics and reduced medication shelf life could 

exacerbate treatment of infections.  

From this comes the problem statement for this dissertation: “Astronaut’s health is 

jeopardized by observed increase in bacterial proliferation and reduced susceptibility to 

antibiotics”. The significance of this problem is not only stressed throughout the literature 

referred to in this thesis but has also been identified by the National Aeronautics and Space 

Administration (NASA) in the Human Research Roadmap (HRR), the Fundamental Space 

Biology (FSB) Plan and other NASA documents and reports (Galvez, 2013; Tomko, Sun, & 

Quincy, 2010; Watkins, 2010). 



 3 

Terrestrially, drug resistance is a problem that has been rapidly increasing 

worldwide during the last couple of decades. For example, in 1992 13,300 patients died from 

multi-drug resistant bacteria acquired in hospitals; that number increased to 90,000 by 

2012 (NIH, 2012). The Center for Disease Control and Prevention (CDC) reports that this 

problem is costing the U.S. government $20 billion in excess health care cost and $35 billion 

in societal costs (CDC, 2011).  

Understanding the exacerbated bacterial response of decreased susceptibility to 

antibiotics in spaceflight can be used to gain insight aimed at reducing drug resistance 

acquisition on Earth (Klaus & Howard, 2006). However, the underlying mechanisms 

responsible for enabling bacterial proliferation in normally inhibitory levels of antibiotics 

observed to occur in space are not fully understood. In particular, it is not yet clear whether 

this response is due to increased drug resistance (a microbial defense response) or 

decreased drug efficacy (a microgravity mass transport biophysical effect).  One of the goals 

of this doctoral work is to differentiate between these two phenomena, which could help 

gain insight into the causal mechanisms behind decreased bacterial susceptibility to 

antibiotics here on Earth. The core of this dissertation is an investigation undertaken 

onboard the International Space Station, termed Antibiotic Effectiveness in Space-1 (AES-

1), which was launched on Orbital Commercial Resupply Services CRS-1 in January, 2014. 

The hypothesis behind this experiment was that antibiotics used to inhibit bacteria grown 

in space would exhibit reduced efficacy compared to 1g controls and would be associated 

with specific changes in bacterial gene expression that correlate with phenotypic changes 

and cell survival. To test this hypothesis, E. coli was challenged with two antibiotics, 

Gentamicin Sulfate and Colistin Sulfate, at concentrations higher than those needed to 

inhibit growth on Earth. The samples were fixed at completion of the experiments to avoid 

bacterial re-adaption to gravity. At their return to Earth, spaceflight (and their matched 
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ground control) samples were later assessed for changes on several phenotypic parameters 

(cell size, cell envelope thickness, population density and lag phase duration) and gene 

expression, and related to bacterial populations achieved in varying levels of inhibitory 

drug concentrations. 

 1.1 PROBLEM STATEMENT 

This thesis focused on the following problem: 

Astronaut’s health is jeopardized by observed increase in bacterial proliferation 

and reduced susceptibility to antibiotics. 

For this purpose, an investigation was undertaken onboard the International Space 

Station (ISS): AES-1. In it, E. coli was challenged with two antibiotics, Gentamicin Sulfate 

and Colistin Sulfate, at concentrations higher than those capable of inhibiting growth on 

Earth. Phenotypic parameters (cell size, cell envelope thickness, population density and lag 

phase duration) and gene expression were compared between the spaceflight samples and 

ground controls cultured in varying levels of drug concentration. 

1.2 RATIONALE 

The importance of this study comes mainly from the implications the above-

mentioned phenomena could have for astronauts on long-term space missions. Additionally, 

there is another phenomenon occurring on Earth that is related: the rise of new, drug 

resistant strains of bacterial pathogens.  This thesis work may also allow us to gain insights 

that may be applicable to clinical antibiotic research for Earth applications. 
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1.2.1 Implications in Space 

All of the observed spaceflight changes in bacterial behavior, such as increased 

virulence, proliferation, mutation rate, and cell envelope thickness raise potential concern 

for human space programs. These problems are further exacerbated by other observed 

phenomena such as astronaut immunosuppression, increased microflora exchange, and 

reduced antibiotic shelf life and efficacy. All of these aspects together may create the perfect 

storm for potential bacterial infection during spaceflight, which may be complicated to 

treat.  

NASA’s Human Research Roadmap (HRR) lists a series of risks to future human 

exploration of space. Two of these risks are related with this thesis work, namely 1) risk of 

clinically relevant unpredicted effects of medication, and 2) risk of adverse health effects 

due to alteration in host-microorganism interactions. The first is described as being based 

on our lack of knowledge on a) pharmacodynamics and on b) drugs’ effectiveness on 

microbes altered by spaceflight (Gaps Pharm04 and Pharm05, respectively) (Galvez, 2013). 

The second risk comes from the observed alterations in microbial virulence and astronaut 

immunosuppression. It drives the “host-microbe virulence – cellular studies” task, which 

aims at determining the microbial responses to spaceflight that may have an impact on 

infectious diseases during spaceflight missions. 

NASA’s Fundamental Space Biology (FSB) Plan 2010-2020 identifies the following 

as one of the overarching questions that will guide FSB science direction “Are decreased 

mass transfer, or physical force changes in membranes and cell walls, the main effect of 

microgravity on the cell?” (Tomko et al., 2010). Furthermore, NASA’s Space Medicine 

Exploration report stresses the importance of being able to address in-flight infectious 

conditions (Watkins, 2010); similarly, (Taylor & Sommer, 2005) explain the importance of 

knowing how much antibiotic is needed to inhibit bacterial growth in space, as this will be 
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needed to address lacerations and open fractures which are likely to occur during surface 

extra-vehicular activities (Zea, Diaz, Shepherd, & Kumar, 2010). The study of infectious 

diseases in space, and of microbial responses to spaceflight and their implications on the 

host may not only mitigate risks for future human space exploration but may also “open a 

new chapter in the understanding of health and disease to benefit the general public” 

(Phys, 2013).  

1.2.2 Implications on Earth 

Acquiring new knowledge on increased bacterial proliferation and decreased 

susceptibility to antibiotics in space may allow us to gain insight on the causal mechanisms 

behind these phenomena (Klaus & Howard, 2006). These authors indicate that, if 

antimicrobial resistance is in fact enhanced in spaceflight as suggested in the literature, 

this might help us better understand the underlying causal mechanisms of the resistance 

acquisition process. Furthermore, they indicate that the overall investigations of microbial 

responses to spaceflight may provide us with knowledge applicable to related clinical 

research on Earth. Ideally, the results from this work can provide new insights for potential 

drug development. 

Although the production of new drugs is important, during the last decades there 

has been a steady decline in new antibacterial drugs entering the market around the world 

(Chopra, Hodgson, Metcalf, & Poste, 1997; ECDC, 2009; Spellberg et al., 2008; Tatfar, 

2011). This is in part due to the lower financial returns pharmaceutical companies receive 

for these drugs compared to the ones that treat chronic diseases. On the other hand, Tatfar 

(2011) states that, in order to address the antimicrobial resistance problem, not only new 

drugs need to be developed but that we also need to understand how bacteria develop 

resistance mechanisms against drugs.  
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Microbes do indeed find ways around drugs. Mutation and the acquisition of 

resistance genes from other organisms have allowed bacteria to develop resistance to 

existing antibiotics (Reed, Barrett, Threlfall, & Cheasty, 1995). Improper use of antibiotics, 

e.g. when patients don’t take the full doses they were prescribed, is exerting a selective 

pressure on bacteria that favors the growth of the drug-resistant strains (Tatfar, 2011).  

These drug-resistant strains then find their ways from one place to the other 

(Johnson et al., 1999; Zell & Goldman, 2007). A group of British geneticists found that a 

strain of C. difficile became resistant to antibiotics in two different ways: by acquiring a 

single mutation in an enzyme that binds fluoroquinolones (a class of antibiotics) and by 

capturing genes that pump antibiotics out of their cells. Clostridium difficile infections are 

common in hospitals where patients have been treated with large doses of antibiotics (He et 

al., 2013). This British group also discovered that in 2002, an antibiotic resistant strain of 

C. difficile arose in the U.S. and a couple of years later, it was present in Europe, Australia 

and Asia. This is a problem to many people as antibiotic resistant Clostridium difficile kills 

nearly 14,000 people a year in the U.S. alone (He et al., 2013). 

During the last decade an increase on drug-resistant strains of bacteria has shown 

up in hospitals around the world. In the United States, between 5 and 10 percent of 

patients develop a bacterial infection during their stay in the hospital produced by new 

drug-resistant strains. The United States government spends over $20 billion a year in 

excess health care costs stemming from drug resistant bacteria (CDC, 2011). Beyond and 

above the financial cost is the invaluable human cost. In the U.S. alone, about 90,000 

people die every year from drug resistant bacteria (NIH, 2012), (about one fifth of deaths 

are due to the 3rd generation cephalosporin-resistant E. coli (WHO, 2012)). This is a steep 

increase from 13,300 patient deaths in 1992 (NIH, 2012).  
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1.3 THESIS OBJECTIVES 

This main goal of this thesis is  

To characterize phenotypic and gene expression changes in E. coli that permit 

proliferation in space in antibiotic concentrations that one Earth would be 

inhibitory. 

This is with the ultimate goal of helping in the fight against drug-resistant bacteria 

on Earth. This was done through four major aims:  

A1. Identify if there are changes in E. coli’s a) cell size, b) cell envelope thickness, and c) 

final cell counts when challenged with antibiotic in space, compared to 1g controls. 

A2. Verify that E. coli will proliferate under normally (1g) inhibitory concentrations of 

two different antibiotics in microgravity. 

A3. Identify if there is a correlation between E. coli cell size, population growth 

dynamics, cell envelope thickness and bacterial susceptibility to various antibiotics in 

microgravity. 

A4. Assess if there are any correlations between E. coli gene expression and bacterial 

susceptibility to the specified antibiotics in microgravity. 

1.4 HYPOTHESES 

The overarching hypothesis is  

Antibiotics used to treat bacteria grown in space will exhibit reduced efficacy and 

will be associated with specific changes in bacterial gene expression that correlate 

with cell survival. 

Specifically, this hypothesis is broken down in a set for Gentamicin (labeled with 

“G”) and a set for Colistin Sulfate (labeled with “C”)” 
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1.4.1 Antibiotic: Gentamicin Sulfate 

1.4.1.1 Morphology and Physiology Hypotheses 

G1: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157 

cells will grow to larger sizes compared to matched 1g controls. 

G2: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157 

cells will develop thicker cell envelopes compared to matched 1g controls. 

G3: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157 

cells will grow to higher final cell concentrations compared to matched 1g controls. 

G4: When challenged with Gentamicin Sulfate in microgravity, E. coli cells ATCC 

4157 will have reduced lag phases compared to matched 1g controls. 

1.4.1.2 Antibiotic Effectiveness Hypotheses 

G5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) inhibitory 

concentrations of Gentamicin Sulfate. 

1.4.1.3 Relation between interrogated parameters 

G6: There is a correlation between population growth dynamics, cell size, and cell 

envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to Gentamicin Sulfate. 

1.4.2 Antibiotic: Colistin Sulfate 

1.4.1.1 Morphology and Physiology Hypotheses 

C1: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells 

will grow to larger sizes compared to matched 1g controls. 

C2: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells 

will develop thicker cell envelopes compared to matched 1g controls. 

C3: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells 

will grow to higher final cell concentrations compared to matched 1g controls. 
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C4: When challenged with Colistin Sulfate in microgravity, E. coli cells ATCC 4157 

will have reduced lag phases compared to matched 1g controls. 

1.4.1.2 Antibiotic Effectiveness Hypotheses 

C5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) inhibitory 

concentrations of Colistin Sulfate. 

1.4.1.3 Relation between interrogated parameters 

C6: There is a correlation between population growth dynamics, cell size, and cell 

envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to Colistin Sulfate. 
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CHAPTER 2 

BACKGROUND 

When Jean-Loup Chrétien launched to the USSR’s Salyut 7 Space Station, he was 

carrying some of his own microflora in glass ampoules. Soviet scientists collected and 

isolated E. coli and Staphylococcus aureus bacteria from Chrétien before launch. 

Spationaut Chrétien, the first Frenchman to go to space, made observations on the bacteria 

that used to live in him to search for changes due to spaceflight. These observations were 

part of the CYTOS 2 experiment and led to two remarkable findings. After growing the 

bacteria in space, the French team of scientists behind Chrétien’s experiment observed that 

the inflight E. coli needed more than four times as much antibiotic for growth to be 

inhibited with respect to ground controls. Additionally, the French scientists from the 

Université Paul Sabatier discovered that S. aureus spaceflight cultures had greater cellular 

envelope thickness. Post-flight analysis showed no modification on the antibiotic sensitivity 

or biochemical characters relative to ground controls, indicating that the changes seen in 

space were not acquired characters. The French team finally hypothesized that the 

increased antibiotic resistance observed in space may be explained by a stimulating effect of 

cellular multiplication and by the greater thickness of cellular envelope structure, which 
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reduces antibiotic penetration (Tixador, Richoilley, Gasset, Planel, et al., 1985). This 

hypothesis is congruous with Fick’s law of diffusion.  

This Franco-Soviet experiment was not unique in its results. American scientists 

also flew bacteria near the beginning of the space program. American space-bound bacterial 

experiments include Biosatellite II (1967), Apollo 16 (1972), Skylab 2 (1973), Skylab 4 

(1973-4), and Apollo-Soyuz Test Project (ASTP) (1975). From these, Biosatellite II and 

Skylab 2 carried E. coli. (Klein,	  1981)  

Biosatellites I and II carried two bacterial species to space: Salmonella typhimurium 

and E. coli. In 1966, Biosatellite I failed to re-enter Earth as planned so the bacterial data 

was lost. In 1967, the Biosatellite II experiment led by R.H.T. Mattoni, assessed the impact 

of spaceflight and gamma irradiation on bacterial growth (Parfenov & Lukin, 1973; Souza, 

Hogan, & Ballard, 1995). Mattoni et al. (1968) concluded that spaceflight resulted in 

greater bacterial densities, most likely due to microgravity. They also concluded that this 

was because the random distribution of the cells in the liquid medium allowed them to 

access nutrients better, and transported waste away from the cells more efficiently  (Souza	  

et	  al.,	  1995). 

An experiment flown to Skylab in 1977 was designed to, among other objectives, 

determine the effects of microgravity on B. subtilis and E. coli’s growth rate. The 

experiment failed because of the loss of Skylab’s meteoroid shield, which caused the space 

station to overheat. This experiment was repeated on Skylab 3 but E. coli was replaced for 

Bacillus mycoides. That experiment provided data from which it was concluded that 

cultures grown in Skylab were usually larger and grew faster relative to their controls on 

Earth (Summerlin,	  1977). 
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Bacteria collected in vivo during the Apollo-Soyuz mission also demonstrated a 

higher antibiotic resistance than the bacteria collected pre and post-flight (Taylor & 

Zaloguev, 1978). Similarly, in October 1985, Space Shuttle Challenger took to orbit the D-1 

Spacelab with E. coli and the Colistin antibiotic, and similar results were obtained (Moatti 

et al., 1986). These and related studies provide the basis of this thesis’s work.  

Several other phenomena occur in space that give this research significance. 

Astronaut’s health may be in jeopardy not only because of reduced antibiotic efficacy but 

due to myriad situations characteristic of spaceflight, which are categorized as seen in 

Table 1. 

Table 1. Phenomena observed in spaceflight that may jeopardize astronauts' health. 

Phenomenon observed in 
space 

References 

Increased bacterial virulence (Cameron, Howden, & Peleg, 2011; Matin, Lynch, & Benoit, 2007; 
Mermel, 2013; Nickerson et al., 2000; Rosenzweig et al., 2010; 
Tomasz, 1994; Wilson et al., 2007) 

Increased bacterial mutation 
rate 

(Tatfar, 2011; Taylor & Sommer, 2005) 

Increased bacterial 
proliferation 

(Benoit & Klaus, 2007; Bhaskaran, Dudhale, Dixit, 
Sahasrabuddhe, & Vidyasagar, 2011; He et al., 2013; Kacena, 
Merrell, et al., 1999; Klaus et al., 1997; Klaus et al., 1994; Klaus & 
Howard, 2006; Mermel, 2013; Nickerson et al., 2000; Tixador, 
Richoilley, Gasset, Planel, et al., 1985; Todd et al., 1998)  

Increased cellular envelope 
thickness 

(Tixador, Richoilley, Gasset, Planel, et al., 1985) 

Reduced bacterial 
susceptibility to antibiotics 

(Benoit & Klaus, 2007; Ilyin, 2005; Kitts et al., 2009; Klaus & 
Howard, 2006; Mermel, 2013; Moatti et al., 1986; Parra et al., 
2008; Ricco et al., 2010; Taylor & Sommer, 2005; Tixador, 
Richoilley, Gasset, Planel, et al., 1985) 

Reduced antibiotic shelf life (Du et al., 2011; Klaus & Howard, 2006; Moatti et al., 1986; Tietze 
& Putcha, 1994) 

Increased microflora 
exchange 

(Ilyin, 2005; Klaus & Howard, 2006; Mermel, 2013; Novikova, 
2004; Taylor & Sommer, 2005) 

Astronaut 
immunosuppression 

(Borchers et al., 2002; Mermel, 2013; Stowe et al., 2001; Tietze & 
Putcha, 1994; Todd et al., 1998) 

Improved biofilm formation (Kim et al., 2013)  
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First, from the astronaut side, immunosuppression and increased microflora 

exchange can be identified. Second, from the antibiotics side, reduced shelf life, and reduced 

efficacy are noted. Third, from the bacterial side, several phenomena have been observed: 

increased virulence, increased genetic recombination via conjugation, increased 

proliferation and increased cell envelope thickness.  

2.1 ASTRONAUT-RELATED PHENOMENA 

2.1.1 Astronaut Immunosuppression  

It is known that the space environment impacts the human immune system 

(Borchers et al., 2002; Mermel, 2013). It is not clear if this is a product of radiation, stress 

characteristic of spaceflight, living in an Isolated Confined Environment (ICE), or other 

physiological and/or psychological stressors. However, several of the effects the immune 

system goes through during spaceflight have been identified. Mermel (2013) summarized 

these effects as follows: “impaired wound healing, inhibition of leukocyte blastogenesis and 

altered leukocyte distribution, altered monocyte and granulocyte function, impaired 

leukocyte proliferation following activation, altered cytokine production patterns, abrogated 

bone marrow responsiveness to colony-stimulating factors, altered T-cell intracellular 

signaling, inhibition of natural killer cell activity, inhibition of delayed-type 

hypersensitivity, and apparent Th2 potential bias shift during prolonged space travel”. 

Another literature survey conducted by (Borchers et al., 2002), where 335 papers were 

analyzed, came to similar conclusions. Immunosuppression may also increase the risk of 

infection and of herpesviruses reactivation, and diminishes anaerobic colonic flora (Mermel, 

2013). Finally, inhibition of T-cell blastogenesis has also been documented (Todd et al., 

1998). 
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2.1.2 Increased Microflora Exchange 

Increased microflora exchange during spaceflight occurs, in part, due to the confined 

environment in which astronauts find themselves. This problem is of importance due to the 

fact that human microflora include drug resistant bacteria.  

For example, Professor V.K. Ilyin (2005) of the Russian Academy of Science reported 

that during a 96-day spaceflight, a cosmonaut was administered ampicillin and eventually 

ampicillin-resistant Staphylococci were detected on a second cosmonaut. He hypothesized 

that an ampicillin-resistant strain of Staphylococcus was developed in the first cosmonaut 

and later transmitted to the second space traveller. This case exemplifies what the Russian 

professor states are the main etiological agents of infectious disease in an enclosed 

environment: human microflora and cross infection. He adds that some of the most likely 

bacteria to trigger infectious diseases are Staphylococci, Streptococci and representatives of 

the Enterobacteriaceae family such as E. coli. 

Professor Ilyin’s finding about the drug resistant bacteria exchange among 

cosmonauts came as part of a larger investigation where he compared the microflora of the 

crews aboard the Salyut 6, 7, and Mir Space Stations. He saw a systematic shift in their 

microflora. Dysbacteriosis, or an imbalance in the person’s microflora in which 

opportunistic pathogenic bacteria (e.g. E. coli) increase in numbers while non-pathogenic 

bacteria decreases, was observed during these three space missions. Ilyin also described a 

direct relationship between mission duration and dysbacteriosis severity: D1 (least severe 

form of) dysbacteriosis was common in cosmonauts in 30-day missions whereas D2-D4 

(most severe forms of) dysbacteriosis were observed in 63- and 96-day missions. No 

individuals from these flights presented dysbacteriosis-free microflora (Ilyin, 2005). 

A review conducted by Klaus & Howard (2006) found that multiple other studies 

concur with Ilyin’s results. For example, Taylor & Sommer (2005) mention that a large pool 
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of microbial genotypes will fly to space with the crew. From this pool, it is likely that 

antibiotic-resistant strains will emerge. Similarly, Mermel (2013) summarized several 

investigations that conclude that transmission of microbial flora – including multi-drug 

resistant pathogens – has been demonstrated to take place in the International Space 

Station. 

2.2 BACTERIA-RELATED PHENOMENA 

Decades of microbiological research in space have produced myriad results in terms 

of changes observed in bacteria during spaceflight. To give this rather extensive list some 

order, in this thesis they have been categorized under four groups: growth, mutation rate, 

cell envelope thickness and virulence. 

2.2.1 Growth 

Bacterial growth is distinguished in six phases: lag, acceleration, exponential, 

retardation, stationary and phase of decline (Monod, 1949). However, this categorization is 

usually simplified to three phases: lag phase, exponential growth phase and stationary 

phase. The duration of the first stage is driven by nutrient composition and the age and size 

of the inoculum.  The duration of the second phase is dictated by nutrient/toxic byproduct 

concentrations around the cells  (Klaus & Howard, 2006). 

E. coli ATCC 4157, the same strain used for this thesis, was grown on seven 

different Space Shuttle flights under similar conditions (Klaus et al., 1997). It was 

concluded from these studies that spaceflight affected bacterial growth and resulted in 

three main changes: 1) reduced lag phase, 2) increased exponential growth time (2-5 hours 

longer) and 3) increased final cell count (72% average increase, n = 40 flight, 25 ground, 

P<0.05) (Klaus et al., 1997). However, final population increases of up to 257% were 
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observed.  Starker increases were observed on cultures where bacteria had to adapt to a 

new nutrient medium. On experiments more closely comparable to the ones conducted for 

this thesis, Klaus et al. (1994) found that cultures grown in Medium E with 5 g/L glucose, 

had final populations between 20% and 104% larger relative to their ground controls—with 

the exception of one culture that had an 18% decrease (n=28, 14 flight, 14 ground) (Klaus et 

al., 1994). In general, several investigations have observed shorter lag phases and/or higher 

final cell counts (Bhaskaran et al., 2011; Brown, Klaus, & Todd, 2002; Kacena, Merrell, et 

al., 1999; Nickerson et al., 2000; Todd et al., 1998).  

In a separate publication, Klaus et al. reviewed related literature and found seven 

investigations that concurred that microorganisms proliferated in space compared to their 

ground controls. In the same paper, Klaus also found two studies that reported no change 

in bacterial growth (Klaus, Simske, Todd, & Stodieck, 1997). 

Another literature review, this one conducted by Mermel (2013), summarized some 

of the observed effects of spaceflight on bacteria, including enhanced growth patterns in 

liquid media, shortened lag phase and enhanced exponential growth. Other investigations 

also report similar results (Benoit & Klaus, 2007; Tixador, Richoilley, Gasset, Planel, et al., 

1985). Speaking more closely of gram-negative bacteria (such as E. coli), Mermel (2013) also 

mentions increased density of such bacteria on the skin, upper airway and colon.  

2.2.2 Mutation Rate 

As bacteria reproduce, mutations occur. Some of these mutants protect the 

bacterium against a specific antibiotic. Once most of the bacteria die due to the antibiotic, 

the mutant remains to reproduce and replicate the resistance; this is known as 

antimicrobial selection pressure (Tatfar, 2011). Selective antibiotic pressure has indeed 

allowed bacteria to evolve defense mechanisms such as bypassing a metabolic step, to 
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prevent the antibiotic to reach its target, or by the production of an enzyme to break down 

the antibiotic before it attacks the cell (Taylor & Sommer, 2005). This selective antibiotic 

pressure may occur either before or during spaceflight.  

Bacterial mutation has been observed to increase during long-term spaceflight 

(compared to Space Shuttle sortie flights of ~two weeks). During a 40 day Mir mission, 

yeast was noted to mutate at a rate between two and three times higher than the ground 

samples. Additionally, an Italian team of researchers reported that, in comparison to 

ground controls and flown 1 g centrifuge controls, three to four times more E. coli 

recombinants were produced in microgravity (Ciferri et al., 1986).. 

2.2.3 Cell Envelope Thickness 

The French team that flew the experiment in Salyut 7 and found that space bound 

E. coli required more than four times as much antibiotic as necessary on Earth to achieve 

growth inhibition, and that S. aureus had increased cell envelope thickness in microgravity, 

made several recommendations for future work. One of their recommendations was that, in 

order to understand the mechanisms behind increased antibiotic resistance in microgravity, 

it is necessary to investigate if the changes on cellular envelope are located on the 

membrane, the cell wall or the whole envelope (Tixador, Richoilley, Gasset, Planel, et al., 

1985). Lamentably, literature on this topic is not as abundant as other of the topics covered 

in this thesis. However, a few papers do examine cell envelope thickness (Mermel, 2013; 

Moatti et al., 1986). Actually, in 1985 (Moatti et al., 1986) flew E. coli on the Space Shuttle 

Challenger and divided the cultures in two groups: one was centrifuged to 1 g while the 

other was left under normal microgravity conditions. They saw that both of these sets 

required twice the concentration of antibiotics, but there were no differences between the 

two flown sets. They concluded that the decrease in susceptibility to antibiotics could have 
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been due to changes in cell envelope permeability. It should also be mentioned that, on a 

separate line of research, a correlation between antibiotic resistance and increased cell wall 

thickness has been observed here on Earth (Sieradzki & Tomasz, 2003). This topic is 

investigated in more detail in Chapter 4. 

2.2.4 Virulence 

Increased virulence has been observed in Salmonella enterica serovar Typhimurium 

grown in rotating wall vessels. This was proved by infecting mice with 1 g bacteria and with 

bacteria grown in simulated-microgravity (SMG). Ten days after infection, 80% of the mice 

infected with SMG bacteria died versus 40% of those infected with 1-g bacteria (Nickerson 

et al., 2000). Similar results were observed (70% vs. 20%) with bacteria actually flown in 

space (Wilson et al., 2007). Other studies have reported increased bacterial virulence 

during spaceflight (Mermel, 2013; Rosenzweig et al., 2010) while others also relate changes 

in virulence with a bacteria’s antibiotic resistance acquisition (Cameron et al., 2011; Matin 

et al., 2007; Tomasz, 1994).  

2.3 ANTIBIOTIC-RELATED PHENOMENA 

2.3.1 Antibiotic Effectiveness 

Two classical approaches for quantifying bacterial sensitivity to antibiotics are 1) to 

define the minimal inhibitory concentration (MIC) of antibiotic and 2) to grow bacterial 

cultures in a bacteriostatic concentration of antibiotic and count the number of surviving 

cells (Moatti et al., 1986). 

Tixador and his team flew another experiment after their CYTOS 2 experiment on 

Salyut 7 (Moatti et al., 1986). This newer experiment was aboard Space Shuttle Challenger 
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in the STS-61-A mission. Tixador’s team measured E. coli’s sensitivity to antibiotic 

(Colistin) by comparing the MIC at spaceflight versus that of ground controls. They 

observed that in space, at least twice the amount of antibiotic was needed to inhibit the 

bacterial growth. The actual antibiotic concentration needed to inhibit bacterial growth in 

space could not be found due to the unsuccessful inoculation of the cultures with higher 

amounts of antibiotic.  

Several other experiments and reviews have also indicated that greater 

concentrations of antibiotics are needed to inhibit bacterial growth in space (Benoit & 

Klaus, 2007; Klaus & Howard, 2006; Mermel, 2013; Taylor & Sommer, 2005; Tixador, 

Richoilley, Gasset, Planel, et al., 1985). One study concluded that antibiotic resistance goes 

up in people living in confined environments within 7 to 10 days of isolation; interestingly, 

this is also the peak of cross contamination or microflora exchange among astronauts (Ilyin, 

2005). Beyond bacteria, similar results have been observed with yeast. A team of scientists 

from NASA Ames reported that S. cerevisiae grown in 4xMIC in space still presented 

metabolic activity in space during the PharmaSat experiment (Kitts et al., 2009; Parra et 

al., 2008; Ricco et al., 2010).  

2.3.2 Antibiotic Shelf life 

A point that must be added to the antibiotic susceptibility discussion is that it has 

been observed that spaceflight reduces antibiotics’ shelf life (Du et al., 2011; Tietze & 

Putcha, 1994). Shelf life is defined as the duration a drug will last with at least 90% of its 

labeled potency. After comparing 35 formulations aboard the ISS to ground controls, Du et 

al. (2011) found that a higher percentage of medications from the station’s kits had lower 

active pharmaceutical ingredient (API) respective to ground controls. Du et al. (2011) also 

concluded that the observed API reduction in space was a function of time and independent 
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of drug expiration date or dosage form (solid, semisolid or liquid). For example, 

promethazine, a medication against motion sickness, showed to stay within United States 

Pharmacopeia (USP) acceptability range after 600 days on Earth but only 200 days in 

space. Similarly, Amoxicillin remained well within USP acceptable range after 900 days on 

Earth but lasted less than 600 days in space. It is hypothesized that reduced antibiotic shelf 

life in space occurs due to chronic low dose of ionizing radiation or repackaging of drugs in 

flight-specific dispensers (Du et al., 2011).  

2.4 RISK OF INFECTIOUS DISEASE DURING SPACEFLIGHT 

Closed environments, such as spacecraft have proven to be niches for microbial 

proliferation – on surfaces, air and condensate (Novikova, 2004). This increases the risk of 

infectious diseases. A literature survey written by Mermel et al. (2013) summarized flight 

information relating to infectious diseases during spaceflight based on 742 different 

crewmembers of 106 Space Shuttle flights. He found that in total, there were 29 reported 

infectious disease incidents. This means that about 4% of the astronauts who were part of 

this investigation suffered some sort of infectious disease incident. Separately, it has also 

been documented that out of 28 analyzed Shuttle astronauts with latent herpesviruses, 11 

had them reactivated in space (Borchers et al., 2002). Some of these cases were in 

spaceflight as short as 9 days. These 11 astronauts showed a 220% and 100% increase in 

adrenaline and noradrenaline, respectively (Stowe et al., 2001). A different study reported 

that during the first 33 Space Shuttle flights, over 500 individual doses of 31 different 

medications were taken (Tietze & Putcha, 1994). This represents 88% of the astronauts of 

those flights, with the caveat that these medications include treatments against motion 

sickness, sleeplessness, and other non-infectious diseases.  A reportedly serious bacterial 

(P. aeruginosa) infection occurred on the Apollo 13 mission (Aviles, Belay, Fountain, Vance, 
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& Sonnenfeld, 2003) and the in-flight antibiotic treatment given during the mission was 

ineffective (Benoit, 2005). All this data serve as a basis to understanding the probability of 

different diseases from occurring during space travel. However, it must be stressed that 

these statistics are based on spaceflights of about two weeks – the longest space shuttle 

flight, STS-80 had a duration of 17.6 days while the shortest, STS-93 was in space for less 

than 5 days  (Petty, 2005). These problems could be exacerbated during long-term 

spaceflight missions. For example, a round trip mission to Mars would take well over a year 

and these missions would likely include surface Extra-Vehicular Activities (EVA). Surface 

EVAs increase the probability of lacerations and fractures that could results in serious 

bacterial infections (Zea, Diaz, Shepherd, & Kumar, 2010). For all these reasons, it is 

paramount that we learn how to mitigate bacterial infections and risk of bacterial 

transmission in space (Mermel, 2013). Beyond that, the risk of infection is aggravated by 

the risk of inefficient antibiotic treatments and the risk of the rise of drug-resistant 

bacteria. 

2.5 CURRENT HYPOTHESES BEHIND THE PHENOMENA INVESTIGATED IN 

THIS THESIS 

 

A thorough literature survey has allowed for a compilation of the most common 

acting mechanisms behind currently established hypotheses on why bacteria grow 

differently in space as well as the observed decrease in antibiotic effectiveness during 

spaceflight. These mechanisms are: 

1. Extracellular environment and mass transport (Benoit, Brown, Todd, Nelson, & 

Klaus, 2008; Benoit & Klaus, 2007; Kitts et al., 2009; Klaus, 2004; Klaus, Benoit, 
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Nelson, & Hammond, 2004; Klaus et al., 1997; Klaus & Howard, 2006; Nicholson et 

al., 2011; Ricco et al., 2007, 2010; Todd & Klaus, 1996).  

2. “R-plasmid transmission” (Boever et al., 2007; Ilyin, 2005; Mermel, 2013). 

3. Changes to cellular envelope in space (Mermel, 2013; Moatti et al., 1986; Tixador, 

Richoilley, Gasset, Planel, et al., 1985). 

4. Quorum sensing (Lee & Collins, 2011; Shapiro, 1998; Vega, Allison, Khalil, & 

Collins, 2012). 

 

The first and last of these hypotheses try to explain both, bacterial growth and 

susceptibility to antibiotics. The second and third refer to antibiotic susceptibility. This 

thesis’ hypotheses are founded on an analysis where changes in the extracellular 

environment are indirectly analyzed via differential gene expression, in addition to a study 

of phenotypic differences between cultures grown in the spaceflight environment and their 

matched ground controls.  Extracellular mass transport is a slightly more complex 

biophysical issue that requires its further explanation. 

2.5.1 Extracellular Mass Transport  

A single cell’s response to microgravity can be categorized under direct and indirect 

effects. Direct effects occur due to sensed acceleration signals or measureable weight, 

deformation (strain, bending, and torsion) or displacement of the cytoskeleton or cell 

organelles. On the other hand, indirect effects are those that occur as a result of prior 

changes that took place due to microgravity. Namely, bulk fluid phenomena, boundary 

layer-related effects and other mass transport phenomena (Klaus et al., 2004).  

Similarly, mass transport can be categorized as active or passive in nature. Active 

transport entails stirring or pumping actions done either naturally, e.g. by flagella, or by 

human intervention. Passive transport can be categorized as gravity-dependent or –
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independent. Density driven motion is an example of the first group while random, Fickian 

and osmotic diffusion are representative of the latter category. Density-driven convective 

currents can be produced by either concentration gradients or thermal gradients (Klaus et 

al., 2004). 

During the last decades, mass transport phenomena have been proposed as the 

reason for multiple cellular observations made in space. As recent examples, three separate 

NASA Ames biosatellites have concluded that mass transport phenomena played an 

important role in changes in bacterial and fungal behavior.  

First, the GeneSat automated satellite produced data that led scientists to 

hypothesize that the changes observed in growth curves were in part because nutrient 

delivery and waste removal from cells (mass transport phenomena) were potentially altered 

in microgravity (Kitts et al., 2007; Minelli et al., 2008; Ricco et al., 2007). 

Second, it was concluded from the data produced by the O/OREOS nanosatellite 

with B. Subtilis on board that the bacteria grew more slowly in space than on Earth. It was 

stated that “the primary difference… is a change in mass transport of nutrients and waste 

products” (Nicholson et al., 2011). 

Third, the PharmaSat team observed an extended lag phase on S. cerevisiae in 

microgravity compared to the ground controls. They also saw that the yeast grown in a 

medium with 4xMIC still presented metabolic activity in space. That team hypothesized 

that these changes occurred due to altered mass transport phenomena: nutrients were not 

reaching the cells as quickly and/or waste products were not being washed away as fast as 

in Earth since mass transport was a diffusion-only type of phenomenon (Kitts et al., 2009; 

Ricco et al., 2010).  

Microgravity may affect cellular metabolism in part by altering mass transport 

processes governing nutrient uptake and waste removal. Klaus et al. (1997) proposed that 
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in microgravity, when the exponential growth phase was achieved, a pseudo-membrane of 

toxic metabolic byproducts would form (as an osmotic solute gradient) around the cell. This 

is similar to the ‘deletion zone’ hypothesized to promote improved protein crystallization in 

space (McPherson et al., 1999). On the other hand, in 1g when cell byproducts are less 

dense than the cell itself, they are washed away as the cell sediments. This also provides 

continued ‘fresh’ nutrients to the cell. When sedimenting, a cell reaches terminal velocity, 

where the forces of weight, buoyancy and shear are balanced; meaning that the cell feels its 

full weight as it sediments. Furthermore, fluid dynamics around a cell can be modeled with 

the momentum equation (derived from the Navier-Stokes equation) and the species 

concentration equation as in (Klaus et al., 2004). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 BACTERIAL MODEL SELECTECTION 

E. coli ATCC 4157 Escherichia coli (Migula) Castellani and Chalmers (ATCC® 

4157™) (ATCC, 2012)) was chosen as the model species and strain for myriad reasons. E. 

coli is the bacterial research organism flown to space the most, as seen in Figure 1, which 

provides a wealth of data to compare against (Zea, Stodieck, & Klaus, 2014). Specifically, 

this strain has been flown on seven different space shuttle flights: STS-37, -43, -50, -54, -57, 

-60 and -62 (Klaus, 1994; Brown et al., 2002).  

 

Figure 1. Distribution of bacterial species used on spaceflight experiments. E. coli has been 
the most commonly flown bacterial species to date (54 experiments), based on a study of 
over 171 space-based in vitro experiments (Zea et al., 2014). 
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This is a non-motile strain when grown with only glucose as the source of carbon. 

This is important because one theory suggests that motile cells could potentially disrupt the 

quiescent environment around it, which in turn may confound spaceflight results (Benoit & 

Klaus, 2007). As part of the human biome, E. coli is present in all human spaceflight and 

has been found on spacecraft surfaces and air (Novikova, 2004). It is an opportunistic 

pathogen, so it is likely to trigger infectious diseases during spaceflight (Ilyin, 2005), e.g. 

meningitis, invasive urinary tract infections, septicemia and diarrhea (Buchanan & 

Gibbons, 1975; Johnson, Gajewski, Lesse, & Russo, 2003). Finally, E. coli is an organism 

commonly used for other types of studies thus acquiring more knowledge about it may be 

beneficial to other parties. 

3.2 GROWTH MEDIUM AND TEMPERATURE 

Bacterial growth in a liquid medium in microgravity presents a low-shear stress 

environment similar to that sensed by bacteria in the human gastrointestinal, respiratory, 

and urogenital tracts (Nickerson, Ott, Wilson, Ramamurthy, & Pierson, 2004). E. coli was 

grown anaerobically in Medium E minimal medium as described in Vogel & Bonner (1956) 

supplemented with glucose (Fisher Scientific, Cat. No. D-16, Waltham, MA, USA) to a final 

5 (g/L) concentration. The experiment was designed for bacteria to be cultured at 30°C, as 

this temperature allows for a clearer differentiation of the growth phases (Kacena, Merrell, 

et al., 1999). Actual temperature data show that the spaceflight samples of the experiment 

reported in Chapter 5 were maintained at 30.2°C ±0.7°C (four independent temperature 

data recorders) and the ground controls at 31.7°C ±0.4°C (another four independent 

temperature data recorders), i.e. there was only a 1.5°C average temperature difference, 

which makes no significant difference in growth based on pilot experiments. More details 
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presented in Appendix 3. The inoculum’s cell density was 7.91×10! cell/mL (log-phase cells), 

which once diluted to the test starting conditions yielded a 1.22×10! cell/mL concentration.   

3.3 CULTURE HARDWARE: FLUID PROCESSING APPARATUS (FPA) 

The experiments took place in BioServe’s Fluid Processing Apparatus (FPA), shown 

in Figure 2. The FPA is a spaceflight-rated glass barrel that permits to store up to a total of 

6.5 mL of four different solutions and to mix them sequentially to initiate and terminate an 

experiment. Fluids are separated by rubber septa, which can be pushed to allow mixing 

through a bypass. FPAs were packed in groups of eight inside Group Activation Packs 

(GAP), which in turn were housed inside BioServe’s Commercial Generic Bioprocessing 

Apparatus (CGBA) for temperature control (Hoehn, Klaus, & Stodieck, 2004).  

 

Figure 2. Fluid Processing Apparatus (FPA). BioServe’s FPA loaded with colored solutions 
to best describe the actual contents per chamber of the AES-1 spaceflight experiment 
configuration: A – 2.75 mL of sterile growth medium with glucose; B – 0.50 mL of inoculum 
in growth medium; C – 0.25 mL of antibiotic solution; D – 2.10 mL of fixative (either 
paraformaldehyde or RNA Later II). In this figure, pushing from right to left would move 
the septum separating chambers A and B into the bypass, thus allowing for the solution in 
chamber B to be transferred and mixed into chamber A. The actual solutions as flown in 
AES-1 were all colorless. 

3.4 ANTIBIOTICS 

Two antibiotics were used. First, Gentamicin Sulfate (MP Biomedical, Cat No. 

1676045, Santa Ana, CA, USA), an aminoglycoside that interrupts protein synthesis by 
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binding to the 30S subunit of the bacterial ribosome and which has been flown in 

experiments onboard STS-69 and STS-73 (Kacena, Merrell, et al., 1999), and the 

Soviet/Russian space station Mir (Juergensmeyer et al., 1999) (reported in the last 

reference simply as Gentamicin, with no further details). Seven different Gentamicin 

Sulfate solutions were prepared in distilled water and filter-sterilized (0.20 µm) for flight. 

Their concentrations varied so that, when introduced into the culture, they would range 

from 25 to 175 µg/mL. They were stored at 4°C until needed for loading the FPA. Second, 

Colistin Sulfate (Sigma-Aldrich, Cat No. C4461, Saint Louis, MO, USA), a polypeptide that 

kills bacteria by solubilizing its membrane and which has been used in experiments 

onboard Salyut 7 (Lapchine et al., 1986; Tixador, Richoilley, Gasset, Planel, et al., 1985; 

Tixador, Richoilley, Gasset, Templier, et al., 1985) and STS-61-A (Lapchine et al., 1986; 

Moatti et al., 1986) (reported in all of these references simply as Colistin, with no further 

details). Seven different Colistin Sulfate solutions were prepared in distilled water and 

filter-sterilized (0.20 µm) for flight. Their concentrations varied so that, when introduced 

into the culture, they would range from 1 to 7 µg/mL. They were stored in the dark (this 

drug at these low concentrations is light sensitive) at -20°C until needed for loading the 

FPAs.  

3.5 BASELINE LOWEST ANTIBIOTIC CONCENTRATION 

Drug activity against an organism and bacterial resistance are usually quantified 

via the drug’s minimum inhibitory concentration (MIC). To allow for comparison through 

laboratories, MIC is determined through standardized protocols as described in (Andrews, 

2001; BSAC, 2012). Spaceflight experimentation introduces special requirements on the 

hardware and by extension, to the experiment design. In other words, stringent compliance 

to standardized procedures used on Earth is not always possible when conducting space life 
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sciences experiments. In the case of this experiment, the procedure to define MIC had to be 

modified in order to accommodate hardware and operational limitations derived from 

spaceflight. The lowest antibiotic concentration was defined on Earth as the drug 

concentration needed to inhibit bacterial growth in an FPA with an E.coli culture of 

1.0×10! cell/mL in Medium E supplemented with 5 g/L glucose for 32 hours at 30°C (i.e. as 

close to flight conditions as possible). These lowest antibiotic concentrations were identified 

as 25 µg/mL and 1 µg/mL for Gentamicin Sulfate and Colistin Sulfate, respectively. The 

concentrations flown in the experiment described in Chapter 5 were therefore multiples of 

these concentrations from 1x up to 7x. 

3.6 FIXATIVE 

To allow for post-flight analyses, samples were fixed in paraformaldehyde (PFA) for 

the phenotypic studies and in RNA Later II for the genotypic assays. Paraformaldehyde 

(ACROS, Cat. No. 41678, New Jersey, USA) solutions in PBS (Fisher Scientific, Cat. No. 

TA-125-PB, Waltham, MA, USA) were prepared (pH 7.0) and filter sterilized (0.20 µm) so 

that, when mixed with the cultures, would yield a 1.5% concentration. RNA Later II (Life 

Technologies, Cat No. B7024, Carlsbad, CA, USA) was used for the gene expression 

analysis samples. 

3.7 OPTICAL DENSITY AND CELL CONCENTRATION COUNT 

All of the analyses were conducted in labs post-flight after sample return to Earth. 

Optical Density (OD) measurements of the 72 flight and 109 FPAs fixed with PFA were 

acquired with a Fisher Scientific Multiskan™ FC Microplate Photometer at 600 nm. Three 

individual samples were taken from each FPA, thus totaling over 500 OD data points. To 

count for potential changes in cell sizes corrupting the optical density data, actual cell 
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counts using a hemacytometer (as described in Appendix 1) were conducted on each of the 

181 samples.  

3.8 ANALSYS OF CELL MORPHOLOGY: PHASE CONTRAST AND 

TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Since the samples were already fixed in 1.5% PFA, no sample preparation was 

required for phased contrast microscopy, which was used for analyzing cell and colony 

morphology, and cell length and diameter. Phase contrast microscopy was performed using 

a Carl Zeiss Axio Imager M2 and a Nikon E600 Widefield Microscope. Cell length and 

diameter (624 data points) were acquired using ZEN (Zeiss, 2014) and FIJI (LOCI, 2014) 

software.  

Originally, cells were stained with FM4-64 lipophilic styryl dye (Molecular Probes 

Cat No. T-3166) as in (Lewenza, Vidal-Ingigliardi, & Pugsley, 2006; Pohl et al., 2007), and 

DAPI (4',6-Diamidino-2-phenylindole, Sigma-Aldrich Cat No. D9542), to contrast the cell 

envelope from the nucleotides, respectively. The use of these two dyes together improves 

visualization of E. coli cell membrane (Fishov & Woldringh, 1999). After staining, cells were 

observed utilizing a Zeiss 510 confocal laser scanning microscope. This microscope is 

capable to use a pinhole to reject light that comes from outside the focus area. This permits 

to make “optical sections” of bacteria. However, phase contrast microscopy proved ideal for 

measuring cell size, as the cell envelope was clear from the background and it required no 

staining. Cell surface was calculated from the length and diameter data and by modeling a 

bacterial cell as a rectangular cylinder with two hemispheres as seen in Figure 3. 
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Figure 3. Cell size measurement. Originally, cell size measurements were going to be 
acquired dying the cells with FM4-64 and DAPI stains and observing them with 
fluorescence microscopy, as shown in image (A) – image taken with a Zeiss 510 confocal 
laser scanning microscope. However, it was more convenient to acquire these 
measurements via phase contrast microscopy (B) – image taken with a Nikon E600 
Widefield Microscope. (C) A bacterial cell was modeled as a rectangular cylinder with two 
hemispheres of total length L and diameter D, as measured on the microscope images. This 
capsule was composed of a cylinder of length L-D and two hemispheres of diameter D. The 
minimal cross section area is shown as the green, circular projection, and the maximum as 
the red projection. 

Cell surface area was calculated per the following equation: 

 

𝐴 = 𝜋𝐷 𝐿 − 𝐷 + 𝜋𝐷! 

 

where A indicates area, D represents diameter, and L total cell length. The surface 

area was calculated for each of the 312 cells measured and error bars were based on the 

overall data. Stokes radii were calculated from the volume of each cell, assuming a 

spherical shape. Student’s t-test analysis was conducted to determine statistical 

significance of the different parameters assessed.  

For Transmission Electron Microscopy (TEM), conducted at the Core Facility for 

Integrated Microscopy at the University of Copenhagen, samples were fixed with 2% v/v 

glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2). Following centrifugation the 

supernatant was replaced and the sample pellets re-suspended and rinsed in 0.15 M 

sodium cacodylate buffer (pH 7.2) three times. Next, the sample pellets were embedded in 
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low-melting point agarose and postfixed in 1% w/v OsO4 in 0.12 M sodium cacodylate buffer 

(pH 7.2) for 2 hours. The specimens were dehydrated in graded series of ethanol, 

transferred to propylene oxide and embedded in Epon according to standard procedures. 

Sections, approximately 80 nm thick, were cut with a Reichert-Jung Ultracut E microtome 

and collected on copper grids with Formvar supporting membranes, stained with uranyl 

acetate and lead citrate, and subsequently examined with a Philips CM 100 TEM (Philips, 

Eindhoven, The Netherlands), operated at an accelerating voltage of 80 kV and equipped 

with an OSIS Veleta digital slow scan 2k x 2k CCD camera (Olympus, Germany). Digital 

images were recorded with the ITEM software package.  
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CHAPTER 4 

IN-VITRO ANTIBIOTIC ACTIVITY AND BACTERIAL CELLULAR ENVELOPE 

INVESTIGATIONS IN SPACE 

Spaceflight offers a unique platform for conducting research on antibiotic 

effectiveness and bacterial resistance to antimicrobials. The applications of these types of 

investigations may not only positively impact future human space exploration, but may also 

help improve human health on Earth. A comprehensive review of over 400 publications and 

international databases was conducted to characterize the current state of knowledge on 

spaceflight antibiotic activity and bacterial resistance, and to identify potential next 

research steps in these fields. Experiments conducted in free-flying satellites, human 

spacecraft and space stations, and even onboard orbiting rocket stages, were considered, 

together with their testing details, findings, and conclusions. From this investigation, only 

six different spaceflight experiments were identified to interrogate antibiotic activity in 

space (Tixador et al., 1985; Moatti et al., 1986; Lapchine et al., 1986; Tixador et al., 1994; 

Gasset et al., 1994; Klaus, 1994; Kacena & Todd, 1999; Juergensmeyer et al., 1999). The 

analysis of their methodologies and results suggests that cell envelope changes observed on 

bacteria during spaceflight may be related to antibiotic effectiveness. Therefore, this review 

also includes the four experiments where changes on cell envelope were assessed (Tixador 
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et al., 1985; Menningham & Heise, 1994; Tixador et al., 1994; Gasset et al., 1994; 

Juergensmeyer et al., 1999).  

Preceding human spaceflight, the Soviets and Americans launched missions 

containing, among other organisms, bacteria. The first Soviet and American satellites to 

carry bacterial samples, Korabl-Sputnik 2 (incorrectly called “Sputnik 5” in the West due to 

lack of knowledge) and Discoverer 17, both in 1960, helped scientists verify if the cells 

would survive the exposure to the space environment (Bulban, 1961; Zhukov-Verezhnikov 

et al., 1962). Bacterial experiments’ focus during the 1960’s and 1970’s revolved around 

viability, growth, and lysogeny – or the reproduction of bacteriophages, small viruses that 

infect bacteria (Zea et al., 2014). These investigations suggested that bacterial growth was 

increased in space, meaning that spaceflight samples usually had higher final number of 

cells than their matched ground controls.  

Two experiments, one conducted onboard Skylab and another during the Apollo-

Soyuz Test Project (ASTP), investigated if bacteria exposed to the spaceflight environment 

showed any differences to antibiotic susceptibility after their return to Earth. They had 

conflicting results: the Skylab experiment concluded that bacteria were more susceptible to 

antibiotics after being exposed to the space environment (Floyd, 1974; Summerlin, 1977), 

while the ASTP research project reported that antibiotic resistance was increased in 

bacteria sent to space (Taylor & Zaloguev, 1978).   

This was the knowledge landscape at the beginning of the eighties when the first 

experiment assessing antibiotic activity in space, Cytos 2, took place onboard the Soviet 

space station Salyut 7. This research project aimed at answering two new scientific 

questions that became the foundation for current investigations: 1) “Are there changes in 

antibiotic activity in space?” and 2) “Are there changes in bacterial cell envelope thickness 

in space?” 
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4.1 ASSESSMENT OF THE METHODOLOGIES USED ON SPACE-BASED 

INVESTIGATIONS 

4.1.1 Limitations of Experiments Conducted in Space 

Space-based research adds a series of challenges to scientists that are usually not 

considered for Earth-bound experiments. Media, buffers, and all solutions and materials 

need to be approved for launch; the experiments may need to be handed over and 

integrated into the launch vehicle well in advance of lift off, and it may take additional time 

for the investigation to start after reaching space. This generally poses a hindrance to time-

sensitive life science investigations. These issues may be exacerbated if the experiment is 

taking place in a human-tended space station, as safety regulations are increased and 

astronaut time may not be readily available. Furthermore, what could be considered 

standard laboratory equipment on the ground may not be available in space and engineers 

and payload integrators are needed to ensure proper functionality of the experiment 

hardware. While a scientist may open a petri dish to assess or manipulate a culture on 

Earth, in space “levels of containment” must be maintained in between the sample and the 

environment – their number depending on the bacterial biosafety level.  

These and other issues require that established and standardized protocols be 

updated and customized for spaceflight. An example of this is the identification of a drug’s 

Minimum Inhibitory Concentration (MIC), or the lowest concentration needed to inhibit 

bacterial growth. Although MIC protocols are well defined in the U.S. and Europe ( 

Andrews, 2001; BSAC, 2012), these may not be easily implemented. This, and the use of 

different hardware, makes direct comparison in between spaceflight experiments difficult. 
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Finally, one of the biggest challenges for researchers to conduct experiments in 

space is up- and down-mass, or bringing equipment and samples to and from space. The 

International Space Station (ISS) has partly alleviated these problems by providing an 

equipped orbiting laboratory regularly tended by servicing spacecraft. Although the 

problem still exists, scientist can now send experiments with large enough sample sets to 

help them achieve statistical significance in their studies. This was harder to accomplish 

during the first decades of space-based research, where up-mass and astronaut time was 

even scarcer – only the latest three experiments analyzed in this review report statistical 

significance on their results. 

4.1.2 Potential Re-Adaptation to 1g 

Fixing the samples after return to Earth or not fixing them at all introduces a 

confounding factor: potential re-adaptation to 1g. For example, some of the bacterial cells 

flown to the Soviet space station Salyut 7 were challenged with antibiotics in space and 

some were brought back to Earth for post-flight analysis. This study concluded that 

increased resistance disappeared after return to Earth (Tixador, Richoilley, Gasset, Planel, 

et al., 1985); in other words, characters such as increased resistance in space were not 

acquired and may be lost at return to 1g. Thus, if antibiotic effectiveness or cell envelope 

thickness measurements (or any other, for that matter) are not taken in-situ, or if they are 

acquired on samples fixed after return to 1g, re-adaption to 1g may confound the results.  

The fixation of samples in space introduces one more step that increases hardware and 

experimental complexity, and was rare during the first decades of space life sciences 

research. From the six antibiotic activity investigations, only three report acquiring their 

data in situ, or fixing the samples prior to return to Earth for post-flight analysis (Tixador 
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et al., 1985; Klaus, 1994, Kacena & Todd, 1999). Similarly, from the four cell envelope 

investigations, only one documents in-space fixing taking place (Tixador et al., 1994). 

4.1.3 Growth Medium  

Four of the six antibiotic activity studies (Cytos 2, Antibio, Antibio 23F, and STS-

57/60) cultured the bacteria in a liquid medium (Tixador et al., 1985, Moatti et al., 1986; 

Tixador et al., 1994; Klaus, 1994). The other two (STS-69/73 and the one onboard Mir) grew 

them in agar, since part of their objectives was to interrogate the role of medium 

(liquid/solid) on drug effectiveness (Kacena & Todd, 1999; Juergensmeyer et al., 1999). MIC 

identification protocols on liquid medium on Earth are based on the introduction of 

antibiotics during the acceleration phase (in between lag and exponential growth phases) of 

bacterial growth. However, this introduces further complexity to space-based experiments 

such as additional astronaut operational steps, or extra pumps and valves. Thus, all of the 

spaceflight experiments were antibiotic activity was interrogated had the antibiotic already 

in the growth medium, except for the experiment conducted onboard the Mir space station. 

On that experiment, antibiotic effectiveness was tested after the experiment returned to 

Earth by placing antibiotic discs on the agar on subcultures grown from the samples flown 

to space (Juergensmeyer et al., 1999). Three of the four experiments that assessed changes 

on bacterial cell envelope were conducted on liquid medium, the exception being, again, the 

Mir experiment (Tixador et al., 1985; Tixador et al., 1994; Menningham & Heise, 1994; 

Juergensmeyer et al., 1999). 

4.1.4 Motility 

Although most spaceflight studies have reported the same general finding of an 

increase in bacterial populations in space with respect to ground controls, there have been a 
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few exceptions that noted no differences. A literature review published in 2007 found a 

trend relating cell motility with experimental outcome where the studies that reported 

exceptions to the general finding tended to used motile strains (Benoit & Klaus, 2007). It 

was hypothesized that the bacterial flagella disrupted the quiescent medium around the 

cell, which is one of the hallmarks of bacterial growth in liquid media in microgravity. 

However, the importance of motility had not been systematically characterized but until 

2007, so it was not a generally recognized bacterial selection criterion before then.  

 One of the bacterial strains employed in two of these investigations – E. coli K12 

ATCC®25922™ used on the Antibio and Antibio23F experiments – was motile (Benoit & 

Klaus, 2007); one was non-motile – E. coli®ATCC 4157™ used on the STS-57/-60 and STS-

69/-73 investigations – and the motility of the others strains is unknown (see Table 2 and Error! 

Reference source not found. at the end of this chapter, for details).  

4.2 REVIEW OF THE RESULTS 

4.2.1 Changes in Antibiotic Activity in-vitro in Space 

In-vitro bacterial proliferation in antibiotic concentrations higher than those needed 

to inhibit growth on Earth has been observed since the first antibiotic activity experiment, 

Cytos 2; however, conflicting results have been published. It has been observed in space 

that E. coli collected from an astronaut’s microflora was capable of proliferating in 4XMIC 

of Colistin (polymyxin), 4XMIC of Kanamycin (aminoglycoside) (Tixador, Richoilley, Gasset, 

Planel, et al., 1985); that E. coli K12 ATCC®25922™ thrived in 2XMIC of Colistin 

(Lapchine et al., 1986; Moatti et al., 1986); and E. coli ATCC®4157™ grew in  1X MIC 

Gentamicin (aminoglycoside) (Klaus, 1994). Additionally, a bacteriostatic experiment with 

E. coli and Colistin showed a 100X increase in final cell count in space with respect to 
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ground controls (Lapchine et al., 1986; Moatti et al., 1986). Based in the difficulties stated 

above, statistical significance was not reported in any of these results, with the exception of 

(Klaus, 1994).  

No differences in MIC between spaceflight and ground control samples were 

reported in Staph. aureus challenged with Oxacilin (penicillin), Chloramphenicol 

(cholarmphenicol), and Erythromycin (macrolide) (Tixador, Richoilley, Gasset, Planel, et al., 

1985); nor in E. coli ATCC®4157™ challenged with Colistin (Klaus, 1994). No changes were 

observed in final cell count when E. coli was challenged with dihydrostreptomycin (Tixador 

et al., 1994). In this study, antibiotic binding was also quantified via radioactivity tritium-

labeled dihydrostreptomycin and the results suggested that there was a slower antibiotic 

uptake in space (Tixador et al., 1994). 

Finally, an increase in antibiotic effectiveness has only been reported on the STS-69/-

73 experiment – where a 10% increase in Gentamicin effectiveness was observed on non-

motile E. Coli grown in agar (where the cell doesn’t experience as many changes on the 

extracellular environment in space with respect to 1g, as it would on liquid medium, as 

explained in section 4.3.2 The Role of Fluid Behavior) – and on some of the tests of the Mir 

experiment (Kacena & Todd, 1999; Juergensmeyer et al., 1999). On the latter, after the 

return of the unfixed samples to Earth, subcultures of the four flown species were grown 

and challenged with 12 different drugs. They concluded that after spaceflight, bacteria 

became more susceptible in seven cases and more resistant in two with respect to pre-flight 

values – including E. coli becoming more resistant to Penicillin (Juergensmeyer et al., 

1999). 

Klaus (1994) concluded that antibiotic effectiveness tended to decrease on the drugs 

to which E. coli could adapt, to which Juergenesmeyer et al. (1999) agreed and added "E. 

coli tended to become more susceptible to the antibiotics to which it was clinically 
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susceptible on the ground, and more resistant to those antibiotics to which it was clinically 

resistant on the ground”. They did not see this pattern on the other three tested bacterial 

species. 

4.2.2 Changes in Cellular Envelope in Space 

Cytos-2 was not only the first experiment to assess antibiotic activity in space but it 

also included a separate cellular envelope thickness investigation, concluding that although 

there were no changes on E. coli, there were on Staph. aureus (Tixador, Richoilley, Gasset, 

Planel, et al., 1985).  Although no statistical analyses are indicated, electron microscopy 

images of ground and spaceflight samples are presented in (Tixador, Richoilley, Gasset, 

Planel, et al., 1985; Zaloguyev et al., 1984). Zaloguyev et al. (1984) indicated that Staph. 

aureus cell envelope measured 28nm on the ground samples while it was 89nm on the 

spaceflight cultures. An English translation of the abstract was published in (NASA, 1985). 

Three other experiments have followed suit and all of them reported that there were no 

changes in cell envelope: either on E. coli (Gasset et al., 1994; Tixador et al., 1994), on B. 

subtilis (Menningmann & Heise, 1994) nor in cell structure in general on E. coli, B. subtilis, 

or Staph. aureus (Juergensmeyer et al., 1999). Neither of these publications state achieving 

statistical significance in their analyses, and from all four investigations only (Gasset et al., 

1994; Tixador et al., 1994) report having fixed the samples in space.  

4.3 DISCUSSION 

As seen in Figure 4, the Cytos 2 experiment aimed at answering two questions: Q1 

“Are there changes in antibiotic activity in space?” and Q2 “Are there changes in bacterial 

cell envelope in space”. Based on their observations that E. coli could proliferate in four 

times the concentration of antibiotic compared to ground controls, and that there was an 
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increase in cellular envelope thickness on Staph. aureus in space, they proposed two 

hypotheses. H1: thicker cellular envelope translates into reduction of antibiotic introduction 

speed; and H2: increased bacterial multiplication stimulates antibiotic resistance.  

4.3.1 Gravity vs. Cosmic Radiation 

To further investigate the first question and the first hypothesis, the same research 

group conducted two more experiments: Antibio in 1985 and Antibio23F in 1992. The first 

experiment showed that E. coli in space could grow in concentrations twice as high as those 

that it could survive on Earth, while the second showed no differences in that regard. Each 

of these experiments had two sets of cultures in space: one under “normal spaceflight 

microgravity” and another in a 1g centrifuge on orbit. Bacteria behaved similarly in each of 

these two sets, on both flights. These results suggested that there was another independent 

variable, other than gravity, associated with spaceflight being responsible for their 

observations. Therefore, this team proposed a new hypothesis H3: the differences observed 

between spaceflight and ground controls are due to cosmic radiation and not because of 

gravity. However, both of these experiments used E. coli ATCC®25922™ as their model 

organism – a motile strain – and it is not clear what role this parameter may have played 

on their results and conclusions. On the same Space Shuttle mission where Antibio23F was 

conducted (STS-42), another experiment termed “Spores” took place in which a set of 

cultures were also placed in a 1g centrifuge in orbit. In this experiment, the samples placed 

in the centrifuge behaved similarly to the ground controls and not to the microgravity set. 

This team then put forward a counter-hypothesis H4: the differences observed between 

spaceflight and ground controls are due to gravity and not because of cosmic radiation. 

Menningham and Heise (1994) did not report the strain of B. subtilis they used on the 

Spores experiment. To acquire data to interrogate the role of these two independent 
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variables – gravity and radiation – new experiments should consider using a 1g centrifuge 

in orbit, and using non-motile strains of bacteria. 

4.3.2 The Role of Fluid Behavior 

Another experiment was conducted onboard Space Shuttle flights STS-57 and -60, in 

which (non-motile) E. coli ATCC®4157™ was observed to proliferate in Gentamicin 

concentrations that were inhibitory on Earth (Klaus, 1994). This investigation assessed 

other parameters beyond antibiotic effectiveness and concluded that there was a shorter lag 

phase and a higher final bacterial cell count in space compared to ground controls. A new 

hypothesis was proposed from this investigation H5: changes in net extracellular mass 

transport of antibiotics expose the bacteria to lower doses, allowing them to develop 

resistance. From this, a new question was posed Q4: Does fluid behavior play a role on 

bacterial susceptibility to antibiotics in space? To answer this, the next investigation – 

conducted onboard Space Shuttle flights STS-69 and -73 – cultured bacteria in agar. The 

same (non-motile) E. coli strain (ATCC®4157™) as the previous flight was challenged with 

Gentamicin. Just as with previous experiments where bacteria was cultured in liquid 

medium, it was concluded from this experiment that bacterial growth was increased in 

space with respect to ground controls. However, antibiotic effectiveness was observed to 

increase in a 10% in space in this agar-based test. On the following experiment, conducted 

onboard space station Mir, bacteria was cultured in agar in the microgravity environment 

for four months, not only trying to assess question Q4 but also a new one Q5: Does the 

duration of exposure to spaceflight affect susceptibility to antibiotics? This experiment 

yielded mixed results, were antibiotic efficacy was observed to increase and decrease, 

depending on the bacterial species and antibiotic tested. However, it must be kept in mind 

that in this experiment, it was not the spaceflight samples that were challenged with drugs, 
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but subcultures grown from those that flew, with at least 10 hours (i.e. several generations 

downstream) in between sample return to Earth and experiment handover to the scientists 

(Juergensmeyer et al., 1999). 

 Changes in extracellular transport in liquid medium is to date the 

hypothesized reason behind several bacteria-related spaceflight phenomena, including 

modified growth behavior, and increased virulence (Benoit et al., 2008; Benoit & Klaus, 

2007; Kitts et al., 2009; Klaus, 2004; Klaus et al., 2004, 1997; Klaus & Howard, 2006; 

Nicholson et al., 2011; Ricco et al., 2007, 2010; Todd & Klaus, 1996). In order to 

systematically test this hypothesis, new experiments should consider culturing bacteria in 

liquid medium and agar in a synchronous fashion.  

4.3.3 Relationship between Cellular Envelope and Antibiotic Activity 

Results from the four investigations on cellular envelope changes due to spaceflight 

are inconclusive. On one hand, cellular envelope thickness measurements of 28nm and 

89nm were reported on the ground controls and spaceflight samples of Cytos-2, 

respectively. However, no statistical analysis could be found and these samples were not 

fixed in space. Furthermore, temperature tracking in between sample return to Earth in 

Kazakhstan, and fixation in glutaraldehyde in Moscow was not possible (Lapchine et al., 

1986). 

On the other hand, the next three investigations reported no changes on cellular 

envelope between samples cultured in space and matched ground controls. However, in only 

one of these three were samples fixed in space, Antibio23F, the experiment that used a 

motile strain of E. coli. For another one of these three investigations, Spores, no statistical 

analysis could be found. The other experiment that reported no changes in cellular envelope 

conducted the assessment not on spaceflight samples but on subcultures grown on Earth. 
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Because of these inconsistencies, cellular envelope investigations should be continued as it 

has been proved that changes on the bacterial cell envelope are correlated with antibiotic 

resistance here on Earth (Sieradzki & Tomasz, 2003), and because conclusive data hasn’t 

yet been produced. Finally, it is recommended that standardized protocols for conducting 

these types of analyses be used, if possible, to make the spaceflight results available to 

other investigations on Earth. 

4.3.4 Statistical Significance and Potential Re-Adaption to 1g 

Maintaining a stringent and critical approach, and disregarding the difficulties of 

space-based experimentation – especially during the first few decades of spaceflight – only 

the results where statistical significance was achieved and reported should be considered. 

Furthermore, the interpretation of the results that may have been confounded by potential 

re-adaptation to 1g should be questioned. Under these strict criteria, the following results 

may be considered statistically valid and free from potential re-adaptation to 1g: 

1. Non-motile E.coli ATCC®4157™ proliferated in liquid medium in 1XMIC of Gentamicin 

while no growth was observed on matched ground controls (Klaus, 1994). 

2. Antibiotic-free growth of non-motile E. coli ATCC®4157™ has been observed to increase 

in spaceflight with respect to ground controls, in liquid medium (Klaus, 1994) as well as 

in agar (Kacena & Todd, 1999).  

3. Non-motile E. coli ATCC®4157™ challenged with Gentamicin in agar, showed a 10% 

increase in drug effectiveness in space than compared to 1g (Kacena & Todd, 1999). 

4.4 RECOMMENDATIONS FOR FUTURE RESEARCH 

Spaceflight places challenges on research that are best addressed during early 

experiment design. It is recommended to use low-biosafety level organisms and, depending 

on the scientific objectives, to keep bacterial motility as a strain selection criterion. 
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Similarly, it is suggested to use non-toxic, and non-hazardous materials to the extent 

possible. The experiment should be planned to minimize the impact of the delay between 

sample preparation and experiment start (due to payload integration into the 

spacecraft/launch vehicle, potential launch delays, initiation of operations after reaching 

space, etc.). This can be achieved by maintaining the organisms in stasis, either by 

temperature (if power and temperature regulation are available to the organism habitat), 

or by maintaining it in a medium without a source of glucose or metabolic energy, if 

possible. Given the limitation on up-mass, it is also recommended to prioritize sample 

replicate number over amount of testing conditions to enable statistically significant 

results.  

Ideally, scientific data should be acquired in space; however, this is often difficult to 

achieve. To avoid potential re-adaption of the organism to 1g, the next best solution is to fix 

the samples in space as soon as the experiment has been completed. Researchers should 

also keep in mind what assays and protocols will be conducted on Earth and choose their 

fixative accordingly.  

The two original questions posed before Cytos 2 still need answering; additionally, 

new ones have been presented. The role of gravity vs. cosmic radiation, of fluid behavior, 

and of bacterial motility on the observed results has been disputed. To address these 

variables in a systematic fashion, researchers should consider the use of a 1g centrifuge in 

orbit, the medium used (liquid vs. agar), and the selection of motile or non-motile strains of 

bacteria. Other aspects, such as the role of growth medium constituents (e.g. phosphates) 

should also be examined. 

It is encouraged that cellular envelope investigations are continued, as it has been 

proved that changes on the bacterial cell envelope are correlated with antibiotic resistance 

here on Earth (Sieradzki & Tomasz, 2003), and because conclusive data hasn’t yet been 
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produced regarding cell envelope changes during spaceflight. Finally, -omics types of 

analyses, e.g. transcriptomics and genomics, and the use of standardized protocols are 

recommended to make the spaceflight results useful and compatible to other investigations 

on Earth. 
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Table 2. Bacterial information, independent variables and data acquisition methodologies. 
Table 3. Materials, experimental conditions and hardware 

als, experimental conditions and hardware 
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Figure 4. Evolution of knowledge on antibiotic activity and cellular envelope changes in 
space. Missions on a thick line box indicate that samples were fixed in space and therefore 
were not potentially compromised by re-adaptation to 1g and present statistical analyses on 
the results. A star on the upper-right corner of a box indicates a statistically-significant 
result. Boxes in tan represent results. Boxes in light gray represent a potential confounding 
factor. 
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CHAPTER 5 

 

OBSERVED PHENOTYPIC CHANGES IN E. COLI CHALLENGED WITH 

ANTIBIOTICS IN SPACEFLIGHT 

Bacterial susceptibility to antibiotics has been shown in vitro to be reduced during 

spaceflight; however, the underlying mechanisms responsible for this outcome are not fully 

understood. In particular, it is not yet clear whether this observed response is due to 

increased drug resistance (a microbial defense response) or decreased drug efficacy (a 

microgravity biophysical mass transport effect).  To gain insight into the differentiation 

between these two phenomena, an investigation was undertaken onboard the International 

Space Station (ISS) in 2014 – Antibiotic Effectiveness in Space-1 (AES-1). For this purpose, 

E. coli was challenged with two antibiotics, Gentamicin Sulfate and Colistin Sulfate, at 

concentrations higher than those capable of inhibiting growth on Earth. Phenotypic 

parameters (cell size, cell envelope thickness, population density and lag phase duration) 

and gene expression were compared between the spaceflight samples and ground controls 

cultured in varying levels of drug concentration.  
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5.1 MATERIALS AND METHODS 

Most of the materials and methods behind AES-1 are explained in Chapter 3. 

However, some details are specific to the spaceflight experiment and here described. 

5.1.1 Sample Preparation and Loading  

All of the hardware items were autoclaved. Two sterile PTFE mixing balls were 

introduced together with 2.75 mL of sterile Medium E with 5.91 g/L glucose (to yield a final 

5 g/L concentration when mixed with the inoculum) into the A chamber of each FPA. The 

FPAs were then incubated for 48 hours at 37ºC for contamination check. Next, chamber B 

was loaded with 0.50 of inoculum (at 7.90×10! cell mL  to yield a 1.22×10! cell mL 

concentration when mixed with the growth medium) in glucose-free Medium E. Chamber C 

was then loaded with 0.25 mL of antibiotic solution as necessary for each experimental 

condition. Finally, the corresponding fixative was introduced into Chamber D (2.10 mL). 

The FPAs were stored at 4°C and transported to NASA Wallops in Virginia. There, RNA 

Later II solution was re-homogenized since this fixative tends to form crystals at lower 

temperatures. The FPAs were then loaded into GAPs and these, in turn, into CGBA where 

they were maintained at 4°C until launch.  

5.1.2 Operations Timeline 

AES-1 launched on Orbital CRS-1 on January 9, 2014 with the samples at 4°C. After 

being berthed to ISS, about three days later the samples were transferred from the 

transport CGBA to another CGBA onboard Station waiting at 4°C. Station CGBA was 

commanded to 30°C and 23 hours later, the first activation took place (introduction of the 

inoculum into the growth medium) – point A in Figure 5. Nineteen hours later the second 

activation was conducted (introduction of the antibiotic solution into the growth chamber). 
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Thirty hours later the experiment was terminated (fixative allowed to mix with the 

culture). The GAPs containing FPAs with PFA as fixative were stored in Station CGBA, 

which was then commanded to 20°C. The ones with RNA Later II were placed in the 

MELFI freezer at -75°C. All of these operations were repeated on Earth for the matched 

ground controls with the same timing, but 8 hour delayed.  

 

Figure 5. AES-1 operational timeline. The experiment start was indicated by inoculum 
introduced into the growth medium (A). Nineteen hours later, at the expect end of lag phase 
under these conditions, the antibiotic was introduced (B).Finally, samples were fixed (C) for 
post-flight analysis. 

Space samples remained stored until their return to Earth. The PFA-fixed samples 

came back on SpaceX-3, which landed May 18, 2014, and the RNA Later II samples 

returned on SpaceX-4 on October 25, 2014.  A detailed timeline is presented in Appendix 2 

and the flight and ground control temperatures in Appendix 3. 



 55 

 

Figure 6. Astronaut Mike Hopkins operating an AES-1 GAP onboard ISS. The cranking 
motion allowed for the fluid in a chamber to travel to the next within each of the eight 
FPAs. 

5.1.3 Replicates and Ground Controls 

Each FPA contained a specific testing condition, i.e. one of the two types of 

antibiotics at a specific concentration and one of the two fixatives. The flight set consisted of 

128 FPAs, sixteen of them without antibiotic and used as flight controls – eight to measure 

cell concentration at experiment start and the other eight at time of what otherwise would 

be antibiotic introduction (“A” and “B”, respectively, on Figure 5). The latter eight were 

originally purposed to serve as negative controls for the antibiotic interrogation, i.e. to be 

antibiotic-free samples that would be fixed at experiment end (“C” on Figure 5). However, it 

was decided to assess if the cell concentrations were the same in space and ground controls 

at the time of antibiotic introduction (to make sure this would not be a confounding factor 

on the antibiotic effectiveness results); the six FPAs that were to be used at time “C” were 



 56 

actually used on time “B”. The lack of antibiotic-free samples at time “C” was overseen until 

sample return to Earth.  

Each testing condition had four replicates for statistical significance. Ground 

controls consisted of a similar set of testing conditions summing 168 FPAs. Since the lowest 

minimum concentrations of antibiotic required to inhibit growth on Earth had already been 

determined as 25 µg/mL and 1 µg/mL for Gentamicin Sulfate and Colistin Sulfate, 

respectively, concentrations higher than 75 µg/mL and 4 µg/mL for those drugs were not 

prepared as part of the ground controls. To replicate the temperature changes that took 

place on orbit during operations, ground controls were stored and operated inside 

BioServe’s environmental test chamber, which can mimic the Station CGBA’s humidity and 

temperature profiles.  

5.2 RESULTS 

5.2.1 Bacterial Population Density and Lag Phase 

Cell concentration in the spaceflight and ground control samples was measured at 

different time points in the experiment, including at the start (following inoculum), in the 

acceleration phase (in between lag and exponential phases, when the antibiotic was 

introduced), and at the test end (stationary phase). A paired t-test was conducted to 

compare these values in spaceflight and matched ground control samples. No statistically 

significant difference was observed in cell count at experiment start or acceleration phase 

in between spaceflight (M = 6.91x106 cells/mL, SD = 7.98x106 cells/mL) and matched ground 

controls (M = 7.88x106 cells/mL, SD = 1.65x106 cells/mL) (t(10) = -0.24, p = 0.8151). This 

indicates that the spaceflight and matched ground control cultures had similar cell 

concentrations at the time of antibiotic introduction. Although these results could suggest 
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that there were no changes in cell lag phase duration, this is actually not definitive, as this 

data is from one point in time and to determine the effective end of lag phase data from 

several time points would be needed. 

5.2.2 Launch Delays and their Impact on the Colistin Sulfate Samples 

The launch of the Orbital CRS-1 mission, carrying AES-1, was delayed from 

December 20, 2013 to January 9, 2014 due to a failure on an ammonia pump on ISS, 

extreme cold weather at the launch site, and high radiation space environment due to solar 

activity. During these delays, all the samples remained at 4°C, which is the recommended 

storage temperature for Gentamicin Sulfate but not for Colistin Sulfate, which needs to be 

maintained at -20°C when diluted to the AES-1 concentrations (1-7 µg/mL). This unplanned 

and extended storage at 4°C likely degraded the quality of the Colistin Sulfate solutions, as 

no trends were observed as a function of drug concentration on either the ground or 

spaceflight cultures (Figure 7). Nevertheless, differences were observed between spaceflight 

samples with respect to their matched ground controls. In other words, although the “drug 

concentration” independent variable could not be assessed with the Colistin Sulfate 

cultures, the “gravitational environment” independent variable could.  
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Figure 7. Final cell count when challenged with Colistin Sulfate. No trends in final cell 
count were observed as a function of drug concentration. It is believed that the long-term 
storage at 4°C – due to a series of launch delays – degraded the quality of the drug 
solutions. 

5.2.3 Bacterial Growth When Challenged With Gentamicin Sulfate 

Seven concentrations of Gentamicin Sulfate (25 to 175 µ/ml) were tested in space but 

only the three lowest concentrations were evaluated in ground controls. The four higher 

concentrations were deemed unnecessary as it had already been determined that the lowest 

drug concentration (25 µg/ml) was sufficient to inhibit bacterial growth under the test 

conditions. Spaceflight cell concentrations at the end of the experiment were higher than 

their respective ground controls in all cases. A paired t-test showed that, when challenged 

with 25 µg/ml of Gentamicin Sulfate, there was a seven-fold increase in final cell count on 

spaceflight with respect to ground (t(5) = 13.03, p < .0001). This increase was 41-fold (t(5) = 
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19.75, p < .0001) and 18-fold (t(6) = 5.74, p = 0.0012) for the next two antibiotic 

concentrations (50 and 75 µg/ml), respectively. Conducting a paired t-test on these three 

lowest concentrations as a single group showed that there was a 13-fold increase in final 

cell count in space with respect to ground (t(20) = 6.77, p < .0001). Details can be seen in 

Figure 8. 

 

Figure 8. Final cell count when challenged with Gentamicin Sulfate. Higher cell population 
counts were observed in space with respect to ground (13-fold increase in average). 
Although there appears to be a decrease in magnitude at 150 and 175 µg/ml with respect to 
125 µg/ml and less, this is misleading as accurate values were hard to acquire either by cell 
count or optical density due to cell aggregation in these samples. It is estimated that values 
at 150 and 175 µg/ml were roughly equivalent to that of 125 µg/ml. Bars indicate standard 
error, n = 4 for all except for spaceflight at 25 and 50 µg/ml (n = 3, each), and 175 µg/ml (n = 
2), as only the samples for which it was certain that the antibiotic was fully introduced 
were considered. 
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5.2.4 Bacterial Culture Morphology 

From initial assessment of the samples upon their return to Earth, pronounced cell 

aggregation was the most prominent phenomenon observed. Spaceflight samples with 

Gentamicin Sulfate concentrations of 125 µg/ml or higher exhibited cell aggregation to the 

point that the culture essentially became a contiguous, single cluster, as seen in Figure 9C. 

This behavior was not observed on the ground controls. Similarly, spaceflight samples 

challenged with the three highest Colistin Sulfate intended concentrations – 5, 6 and 7 

µg/ml – showed cohesive growth, again, not seen in the matched ground control samples. 

This is in contrast to the usually uniform fine turbidity cultures observed at 1g. 

 

 

Figure 9. Liquid Culture Morphology. E. coli commonly grows in ME growth medium with 
uniform fine turbidity as seen in the ground control (A). Some of the spaceflight samples 
challenged with Colistin Sulfate showed cohesive, viscous clouds of cells (B) not observed on 
the matched ground controls. Similarly, spaceflight samples challenged with the highest 
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concentrations of Gentamicin Sulfate tended to aggregate into a single cluster (box in (C)). 
The images on the right show E. coli cultures under phase contrast microscopy. Image (D) 
shows regular growth on a ground control sample challenged with the lowest concentration 
of Gentamicin Sulfate (25 µg/ml) and (E) a spaceflight sample challenged with the highest 
concentration of the same drug 125 µg/ml. The differences in cell size and aggregation are 
noticeable. Images were taken with a Nikon E600 Widefield Microscope. 

5.2.5 Cell Size 

One-way ANOVA were conducted to assess the role of drug concentration on a) cell 

length and b) diameter for the four different combinations of drug type (Gentamicin Sulfate 

and Colistin Sulfate) and gravity environment (spaceflight and ground control). There were 

no statistically significant differences in either condition, suggesting that cell size is 

independent of drug concentration – the worst case scenario being [F(6,3) = 2.709, p = 

0.2220] and the best [F(6,5) = 0.202, p = 0.962]. However, both cell length and diameter 

differed based on the gravity environment. Based on these two observations, data sets were 

pooled together in two groups: spaceflight and ground controls (as seen in Figure 10) and 

paired t-tests were conducted to compare their role in cell length and cell diameter. There 

was a significant difference in cell length in spaceflight (M = 1.660 µm, SD = 0.288 µm) and 

ground controls (M = 2.353 µm, SD = 0.603); (t(310) = -2.07, p = 0.0389). Similarly, there 

was a significant difference in cell diameter in spaceflight (M = 0.627 µm, SD = 0.084 µm) 

and ground controls (M = 0.809 µm, SD = 0.131); (t(310) = -2.33, p = 0.0203). In other words, 

there were reductions in cell length and diameter to 71% and 78% of their sizes on Earth, 

respectively. The decrease in cell length and diameter translated into an average reduction 

of cell surface area to 54% of its value on Earth (t(310) = -2.53, p = 0.0119); maximum cross 

section area was also reduced to 54% of that observed on the ground (t(310) = -2.48, p = 

0.0139); and cell volume was reduced to a 41% of the ground controls value (t(310) = -2.35, p 

= 0.0196), as seen in Figure 11. 
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Figure 10. Cell length vs. cell diameter. In space, cells grew to be only a 71% of the length of 
the ground controls (t(310) = -2.07, p = 0.0389) and 78% of their diameter (t(310) = -2.33, p = 
0.0203).  

 

Figure 11. Cell size differences in between spaceflight and matched ground controls. The 
decrease in cell length and diameter translated into an average reduction of cell surface 
area to 54% of its value on Earth (t(310) = -2.53, p = 0.0119). Maximum cross section area 
was also reduced to 54% of that observed on the ground (t(310) = -2.48, p = 0.0139) and cell 
volume to 41% of the ground control value (t(310) = -2.35, p = 0.0196). 
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5.2.6 Cellular Envelope Thickness 

Transport Electron Microscopy (TEM) images of AES-1 samples (as seen in Figure 

12) are being taken at the University of Copenhagen to measure and analyze cell envelope 

thickness changes. However, at the time of the defense of this thesis, not enough data had 

been produced to make any conclusions (Figure 13). The preliminary data that is available 

at this time suggests that there was an increase in cellular envelope thickness in space – 

what is not clear yet, however, if this was due to the gravity environment or because of 

antibiotic concentration. When all the data is produced, one-way and two-way ANOVA will 

be conducted to assess cell envelope thickness changes as a function of drug type, drug 

concentration and gravitational environment. The TEM images will also be used to 

investigate if other visual changes in the cell envelope are present.  

 

 

Figure 12. Transmission Electron Microscopy (TEM) images of E. coli. E. coli challenged 
with 50 µg/mL of Gentamicin Sulfate on Earth (A) and another challenged with 175 µg/mL 
of Gentamicin Sulfate in space (B). It cannot yet be elucidated if the differences observed 
are due to the gravitational environment or because of drug concentration, but the fact that 
there are differences is observable. Images taken with a Philips CM 100 TEM microscope 
operated at an accelerating voltage of 80 kV and equipped with an OSIS Veleta digital slow 
scan 2k x 2k CCD camera. 
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Figure 13. Preliminary cell envelope thickness data. No appropriate statistical analysis was 
possible at the time of publishing this thesis. However, data for the missing testing 
conditions was being acquired at time of print. 

5.3 CONCLUSIONS 

No statistically significant difference was observed in cell population count at 

experiment start or acceleration phase (n = 12), which suggests that cell concentration was 

similar at the time of antibiotic introduction in the space and ground cultures. Although 

this could also suggest that no changes occurred in lag phase duration, data from only one 

point in time is insufficient to make such claim, as it is not determined when the 

acceleration phase actually started. Spaceflight cell concentrations at the end of experiment 

were always higher than their respective ground controls (13-fold increase in average), as 

has been typically observed. Spaceflight samples with Gentamicin Sulfate concentrations of 

125 µg/ml or higher exhibited cell aggregation to the point that the culture essentially 

became a contiguous, single cluster. This behavior was not observed for the ground controls. 

This phenomenon may be related to that of enhanced biofilm formation observed in space, 

as described by Kim et al. (2013), and that reportedly can increase bacterial resistance to 

antibiotics (Hall-Stoodley, Costerton, & Stoodley, 2004). There was an average reduction of 

cell surface and cross section areas to 54% of their values on Earth, which in turn, can 
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proportionally decrease the rate of antibiotic molecules reaching the bacterial cell surface. 

The average spaceflight cell volume was also reduced to 41% its 1g value. On the other 

hand, this spaceflight decrease in size translated into a 34% increase in cell diffusion rate 

with respect to 1g. Work has been published on mathematical and computational models 

describing the role of these gravity-driven phenomena around a cell (Benoit & Klaus, 2005; 

Klaus et al., 2004, 1997), however, these models assumed that the cell size was the same on 

Earth as in space. This phenomenon may be related, in part, to why a higher concentration 

of antibiotics was needed in space to inhibit bacterial growth, as the antibiotic molecules – 

driven mainly by Brownian motion (Klaus, 1994) – would have a smaller target. 

5.4 DISCUSSION 

The samples were fixed at completion of the experiments to avoid bacterial re-

adaption to gravity. Post-flight analysis showed no statistically significant difference in cell 

count at experiment start or acceleration phase, suggesting that the ratio of antibiotic 

molecules per bacterium remained similar between flight and ground controls.   

Although minimal, some growth was observed on ground samples with Gentamicin 

Sulfate concentrations of 25 µg/ml and above. This was likely due to a slight decrease in 

drug efficacy since there was approximately one month between antibiotic solution 

preparation and experiment start due to a series of unexpected launch delays. This also 

caused the final cell count data produced from the samples challenged with Colistin Sulfate 

to be inconclusive as the effective drug concentration at time of experiment start was 

unknown and no statistically significant difference or trend were observed. It is believed 

that this is because at these low concentrations, this drug is unstable at the pre-launch 

storage temperature of 4ºC. Potential changes to drug efficacy due to being in the space 

environment are disregarded, as the experiment was in space only for two days prior to 
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experiment start and chemical changes of pharmaceuticals in spaceflight are believed to be 

a longer term phenomenon, as explained in (Du et al., 2011). 

Cellular aggregation was observed on the spaceflight cultures challenged with the 

highest concentrations of Gentamicin Sulfate, and cohesive growth was noted on the space 

samples challenged with the highest intended Colistin Sulfate concentrations. The 

formation of clumps through cellular aggregation have been reported on Salmonella 

typhimurium flown to space, together with expression changes on the wca/wza, ompA and 

fimH genes, which are associated with cell surface alterations related to biofilm formation 

(Wilson et al., 2007).  Clumping behavior was also previously observed to occur in E. coli 

samples used in early space shuttle experiments conducted by BioServe (unpublished data). 

This phenomenon may be related to that of enhanced biofilm formation observed in space, 

as described by Kim et al. (2013), and that reportedly can increase bacterial resistance to 

antibiotics (Hall-Stoodley et al., 2004). It is hypothesized that this aggregation may have 

permitted the cells on the surface of the cluster to protect those in the core from antibiotic 

exposure. However, this would have also hindered glucose from reaching the latter. 

Nevertheless, cell aggregation at high antibiotic concentrations suggests that there may be 

changes occurring to physical properties of the cellular envelope and should be further 

investigated. 

The decrease in cell length and diameter translated into an average reduction of cell 

surface area to 54% of its value on Earth (t(310) = -2.53, p = 0.0119). Maximum cross 

section area was also reduced to 54% of that observed on the ground (t(310) = -2.48, p = 

0.0139). Smaller cross section and cell surface areas proportionally reduce the rate of 

antibiotic molecules reaching a bacterial cell.  

In addition, in microgravity, Brownian motion governs the rate of contact, whereas 

on Earth, gravity-driven phenomena – namely buoyancy and sedimentation – contribute to 
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cell movement, as explained in Klaus (2004). Work has been published on mathematical 

and computational models describing the role of these gravity-driven phenomena around a 

cell (Benoit, 2005; Klaus et al., 2004, 1997), however, these models assumed that the cell 

size was the same on Earth as in space.  
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CHAPTER 6 

GENE EXPRESSION CHANGES IN E. COLI CHALLENGED WITH GENTAMICIN 

SULFATE IN SPACEFLIGHT 

Gene expression observed on the spaceflight samples with respect to their matched 

ground controls was analyzed in two distinct ways. One of them was the per-scenario 

approach. Spaceflight samples challenged with a specific type and concentration of drug 

were compared to the ground controls that were cultured under the same conditions. There 

are three scenarios for the cases where E. coli was challenged with Gentamicin Sulfate: 25, 

50 and 75 µg/mL, each one having their own set of up- and down-regulated genes. Because 

the number of genes that were under or overexpressed is in the order of magnitude of the 

thousands, the genes that were regulated by at least 10x were listed. The complete lists of 

differentially expressed genes can be found in Appendix 5. The other approach for this 

analysis is in a per-drug basis, where a single set of up- and down-regulated genes is 

developed from the three spaceflight samples groups (25, 50 and 75 µg/mL). This set is not 

the addition of the three individual sets, but a list of the overlapping genes over or 

underexpressed among all three groups.  

 As seen in Figure 14, out of the 4,320 genes in this strain of E. coli, the spaceflight 

samples challenged with 25 µg/mL showed no expression changes on 57% (2483) of the 

genes, while this value was 49% and 91% for the sets with 50 µg/mL and 75 µg/mL, 
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respectively. Gene expression changes tended to down-regulation on the 25 µg/mL samples, 

while it did to up-regulation on the two other sets.  

 

 
Figure 14. Number of genes down- and up-regulated in the spaceflight samples with respect 
to matched ground controls.   

6.1 METHODOLOGY 

At the end of the experiment, about half of the AES-1 samples were fixed in RNA 

Later II (Life Technologies, Cat No. B7024, Carlsbad, CA, USA) at a 0.6 fixative/sample v/v 

ratio. After their return to Earth on SpaceX-4 (October 25, 2014), the samples were handed 

over to HudsonAlpha (HA) for transcriptomic and genomic analyses. Gene expression was 

assessed by HA via RNAseq performed on the Illumina HiSeq platform. Three of the four 

replicates were analyzed and expression means were produced. Significant expression was 

considered as anything larger than a |2|-fold change with respect to its respective matched 

ground control. HA provided me with lists of genes that were differentially expressed in a 

per-scenario approach (of the 25 µg/mL, 50 µg/mL, and 75 µg/mL Gentamicin Sulfate test 

scenarios), as described above, for me to analyze and to elucidate the correlations between 

the phenotypic and gene expression observations. Gene functions, as well as their related 

molecular functions, biological processes, cellular components, predicted protein classes, 
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and pathways were identified using the PANTHER (Protein ANalysis THrough 

Evolutionary Relationships) Classification System from the Gene Ontology Reference 

Genome Project (GORGP, 2015). At the time of defending this dissertation, data from the 

samples challenged with Gentamicin Sulfate concentrations higher than 75 µg/mL or with 

Colistin Sulfate were not yet available and therefore this analysis is limited to the samples 

challenged with Gentamicin Sulfate. 

6.2 PER-DRUG APPROACH 

 The 25 µg/mL samples showed an up-regulation on 207 genes and a down-regulation 

on 1630. These values were 2172 and 12 for the 50 µg/mL set; and 333 and 38 on the 75 

µg/mL samples (up-regulation and down-regulation, respectively). This translates to 2281 

overexpressed and 1664 underexpressed individual genes throughout the all sets. An initial 

step to analyze such a large database was to find the genes that were commonly 

(overlapping) over or underexpressed. As seen in Figure 15, 28 genes were up-regulated in 

the three groups, and only one gene was down-regulated throughout the three sets. 

 

 
Figure 15. (A) shows that, from the 2172 overexpressed genes in the 50 µg/mL set (yellow 
bubble), 122 were also up-regulated in the 25 µg/mL group, 281 were in common with the 
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75 µg/mL set, and only 28 were overexpressed in all three groups. A similar analysis is 
shown in (B); only 1 gene was commonly down-regulated among all three groups. 

Table 4 lists the 28 genes that were commonly up-regulated. This list includes four 

opp genes (B,C,D, and F), which synthesize proteins related with oligopeptide transport 

into the cell; E. coli utilizes oligopeptides as a source of carbon and energy (Andrews & 

Short, 1985). It has been reported that a reduction in oppA expression confers E. coli with 

resistance to several aminoglycosides (Gentamicin Sulfate is an aminoglycoside), as it 

behaves as a carrier for the antibiotic (Acosta, Ferreira, Padilla, Ferreira, & Costa, 2000). 

Interestingly, oppA was overexpressed in the 50 µg/mL (5.87x), 75 µg/mL (2.81x) sets, and 

not differentially expressed in the 25 µg/mL group. Table 4 also lists the sucABCD genes as 

being upregulated in the spaceflight samples in between 2.05x and 4.39x. These genes are 

related with processes involving succinyl-Co-A, a combination of succinic acid and coenzyme 

A. It has been reported that Suc¯ phenotypes of E. coli have cross-resistance to 

aminoglycosides (Collis & Grigg, 1989). Again, in this case, these genes were overexpressed. 

Five thi genes (E, F, G, H, and S) were not only up-regulated but were also the ones that 

were increased the most from the list of 28 (in between 24.88x and 32.41x). These genes are 

associated with catalytic activity, and several metabolic processes, but no correlation has 

yet been found with the observed phenotypic changes on the spaceflight samples. The malE 

gene plays a role in the transport of maltose and other substrates across cellular 

membranes and is further discussed in context in section 6.3.2. 
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Table 4. List of overlapping up-regulated genes throughout all three groups, their 
respective functions and the value of its overexpression in space with respect to matched 
ground controls. 

Gene 
name 

Function 25 
µg/mL 

50 
µg/mL 

75 
µg/mL 

malE Maltose-binding periplasmic protein 2.81 43.8 24.09 
thiS Sulfur carrier protein 3 32.41 3.97 
thiG Thiazole synthase 2.34 30.48 5.32 
thiF Sulfur carrier protein ThiS adenylyltransferase 3 28.87 4.93 
thiE Thiamine-phosphate synthase 2.84 28.59 4.29 
thiH 2-iminoacetate synthase 2.37 24.88 5.06 
yiaG Uncharacterized HTH-type transcriptional regulator 11.34 8.45 2.94 
yeaQ UPF0410 protein  7.04 6.26 2.83 
bfr Bacterioferritin 3.8 8.19 2.93 

ykgC Probable pyridine nucleotide-disulfide oxidoreductase  2.55 8.13 4.02 
yjbE Uncharacterized protein 2.95 5.62 4.23 
oppF Oligopeptide transport ATP-binding protein  4.08 4.77 2.73 
oppD Oligopeptide transport ATP-binding protein  4.36 4.27 2.6 
adhE Aldehyde-alcohol dehydrogenase 2.61 5.73 2.61 
sucD Succinyl-CoA ligase [ADP-forming] subunit alpha 4.22 4.39 2.29 
yeaG Uncharacterized protein 3.44 4.73 2.69 
gltA Citrate synthase 2.35 4.64 3.38 
ydiZ Uncharacterized protein 2.42 4.58 3.11 
yehE Uncharacterized protein 3.06 3.25 3.79 
oppB Oligopeptide transport system permease protein  2.67 4.68 2.63 
oppC Oligopeptide transport system permease protein  3 4.3 2.52 
sucC Succinyl-CoA ligase [ADP-forming] subunit 3.33 4.16 2.22 

sucB 
Dihydrolipoyllysine-residue succinyltransferase component of 
2-oxoglutarate dehydrogenase complex 

3.91 3.6 2.05 

yciF Protein YciF 2.91 3.37 3 
fimZ Fimbriae Z protein 2.53 4.38 2.07 
sucA 2-oxoglutarate dehydrogenase E1 component 2.7 4.07 2.11 
agp Glucose-1-phosphatase 2.92 3.42 2.17 

tauB Taurine import ATP-binding protein  2.06 2.43 2.45 
 

Only one gene, cusF, was found to be commonly under-expressed throughout all the 

three test sets, as seen in Table 5. This gene synthesizes the cusF protein, which is related 

with a cation efflux system.  Although no correlations have been found so far, more in-depth 

research is needed to elucidate if there is a correlation between this process and the 

phenotypic observations made on the spaceflight samples.   
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Table 5. List of overlapping down-regulated genes throughout all three groups, their 
respective functions and the value of its overexpression in space with respect to matched 
ground controls. 

 
 
 

The 29 differentially expressed genes were analzyed as a group using the PANTHER 

(Protein ANalysis THrough Evolutionary Relationships) Classification System. The protein 

classes synthesized by 20 of the 29 genes were identified and about half of them were 

related with transporters and transferases (see Figure 16). Eleven out of the fifteen 

identified molecular functions were associated with catalytic activity in general, while three 

of them were with transporter activity. More than half (11 out of 20) of the biological 

processes impacted by the differential gene expression were correlated with metabolism. 

Only two cellular component groups were identified as affected: “cell part”, and 

“membrane”, i.e. no changes were predicted on macromolecular complexes, extracellular 

region, or organelles, for example. The pathway impacted the most from this set of genes 

was the TCA (cytrate) cycle. 

 
 
 

Gene name Function 
Fold 

25 
µg/mL 

50 
µg/mL 

75 
µg/mL 

cusF_1 Cation efflux system protein CusF -2.13 -3.75 -2.76 
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Figure 16. An analysis of the 29 commonly differentiated genes throughout the test groups 
allow to see the distribution of the proteins they synthesize (A), their molecular functions 
(B), biological processes (C), cellular components (D), and related pathways (E). 

6.3 PER-SCENARIO APPROACH 

6.3.1 Twenty-five µg/mL 

 The samples challenged with the lowest concentration of Gentamicin Sulfate (25 

µg/mL) showed a down-regulation of 1630 genes (38% of the total), the up-regulation of 207 

genes (5%), while 2483 were non-differentially expressed (57%). From the 207 

overexpressed genes, ten did so in an increase larger than 10x (see Table 6). Although 

several of them are still uncharacterized, the function of most of them has been identified; 
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for example, gadE (20.62x) is associated with acid resistance and is analyzed in more detail 

in section 6.7. The wrbA gene (22.71x) synthesizes the WrbA flavoprotein, which is believed 

to have a role in oxidative stress defense and/or cell signaling (Kishko et al., 2012) and is 

also acid-induced (Tucker, Tucker, & Conway, 2002). A more throughout analysis of this 

gene, and the potential role of oxidative stress, is presented in section 6.6; it is also 

discussed in section 6.7. Similarly, the overexpression of gene yccJ, another acid-induced 

gene, is analyzed in section 6.7. The ecnA gene (-34.31x), the antidote to the ecnB toxin gene 

(15.7x), was the single most underexpressed gene in this set. ecnAB is an antidote/toxin 

gene pair (also known as addiction molecules) that control apoptosis, or programmed cell 

death during starvation conditions. 

 
Table 6. List of genes overexpressed at least by a 10-fold in the 25 µg/mL samples. 

Gene 
name 

Function Fold 

yccJ Uncharacterized protein 26.63 
wrbA Flavoprotein  22.71 
gadE Transcriptional regulator 20.62 
yegP UPF0339 protein 17.92 
yhcO Uncharacterized protein 17.25 
ecnB Entericidin B 15.7 
hyaC Probable Ni/Fe-hydrogenase 1 B-type cytochrome subunit 13.65 
hlyE Hemolysin E, chromosomal 13.12 
hyaD Hydrogenase 1 maturation protease 12.2 
yiaG Uncharacterized HTH-type transcriptional regulator 11.34 

 
 From the 1630 underexpressed genes, 41 did so in a decrease smaller than -10x. 

Such a long list defeats the purpose of this synthesis, but the complete list of 

underexpressed genes can be found in Appendix 5. In spite of the large number (1837) of 

differentially expressed genes, they were assessed as a single group to characterize their 

role on the bacterial processes, as seen in Figure 17. It is noteworthy that 538 out of the 949 

(34%) genes identified to affect molecular functions were associated with catalytic activity; 

and 661 out of 980 (67%) of those determined to impact biological processes were with 
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metabolic processes. Five different cellular components are predicted to be affected by the 

205 genes that have been previously characterized: membrane (74), macromolecular 

complex (9), extracellular region (4), organelle (1), and cell parts (117).   

 

 
Figure 17. Distribution of the proteins synthesized (A) by all the differentially expressed 
genes in the 25 µg/mL group, their molecular functions (B), biological processes (C), cellular 
components (D), and related pathways (E). 

 

6.3.2 Fifty µg/mL 

The samples challenged with 50 µg/mL of Gentamicin Sulfate showed down-

regulation on only 12 genes (0.3% of the total), up-regulation on 2172 genes (50%), while 

2136 were non-differentially expressed. From the 2172 overexpressed genes, 35 did so in an 

increase larger than 10x (see Table 7). From these 35, the increase in the structural genes 
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of the trp operon (A, B, C, D, and E) is noticeable because it is five related genes, and 

because they are the five that incremented in expression the most (in between 45.61x and 

69.11x). Through tryptophan synthesis, the biological process associated to trpA is cellular 

amino acid biosynthesis and the subsequent formation of amino acids and organic acids; 

trpB catalyzes the formation of tryptophan from indole and serine; trpD synthesizes a 

glycosyltransferase, an enzyme that catalyzes the transfer of sugar from a donor (sugar 

nucleotide derivative) to an amino acid acceptor (GORGP, 2015). In general, the trp operon 

is regulated by the presence of tryptophan in the environment through a negative feedback 

loop (Bertrand, Squires, & Yanofsky, 1976). This suggests that there was a decrease in 

environmental tryptophan for the trp operon to be so overexpressed (up to 69.11x). 

Another group of genes that was overexpressed in the 50 µg/mL samples were the 

gadABC and gadE genes, which, as mentioned before, are discussed in section 6.7. 

Additionally, an up-regulation of the hdeA, B and E genes was observed, which is analyzed 

in section 6.7. The malE and malK genes were up-regulated 43.8x and 22.39x, respectively. 

The malE gene codes the MalE protein, which transports maltose through inner cell 

membrane; however, it is essential for the transport of all substrates of the system (Ferenci, 

1980). The malK gene synthesizes an oligopeptide permease protein, which, similarly to 

malE and the opp genes, transports substrates across cellular membranes (GORGP, 2015). 

The 50 µg/mL samples also showed an up-regulation of several thi genes (C, E, F, G, H, and 

S) in between 24.67x and 32.41x. The first five are the structural genes for Thiamine 

biosynthetic enzymes while the latter is a sulfur donor in that process (van der Horn, 

Backstrom, Stewart, & Begley, 1993); thiamine is needed for carbohydrate metabolism 

(Leonardi & Roach, 2004). None of the 12 down-regulated genes was reduced by a factor 

smaller than -10x. 
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Table 7. List of genes overexpressed at least by a 10-fold in the 50 µg/mL samples. 

Gene 
name 

Function Fold 

trpA Tryptophan synthase alpha chain 69.11 
trpD Anthranilate synthase component II 60.78 
trpB Tryptophan synthase beta chain 53.43 
trpE Anthranilate synthase component 1 46.74 
trpC Tryptophan biosynthesis protein TrpCF 45.61 
malE Maltose-binding periplasmic protein 43.8 
thiS Sulfur carrier protein ThiS 32.41 
thiG Thiazole synthase 30.48 
hdeB Acid stress chaperone HdeB 29.08 
thiF Sulfur carrier protein ThiS adenylyltransferase 28.87 
thiE Thiamine-phosphate synthase 28.59 
hdeA Acid stress chaperone HdeA 28.09 
gadB Glutamate decarboxylase beta 25.6 
thiH 2-iminoacetate synthase 24.88 
thiC Phosphomethylpyrimidine synthase 24.67 
lamB Maltoporin 23.63 
gadE Transcriptional regulator GadE 23.04 
malK Maltose/maltodextrin import ATP-binding protein MalK 22.39 
yhjX Uncharacterized MFS-type transporter YhjX 21.96 
yhiD Uncharacterized protein YhiD 19.57 
gadA Glutamate decarboxylase alpha 17.49 

entC_1 Uncharacterized 15.22 
entC_2 Uncharacterized 14.94 
hdeD Protein HdeD 14.86 
yjgI Uncharacterized oxidoreductase YjgI 14.85 

entS_2 Uncharacterized  14.44 
entS_1 Uncharacterized 13.82 

flgB Flagellar basal body rod protein FlgB 13.03 
fes_2 Uncharacterized 12.27 
yqeI Uncharacterized protein YqeI 11.39 

fepA_2 Uncharacterized 11.29 
gadC Probable glutamate/gamma-aminobutyrate antiporter 11.11 
metA Homoserine O-succinyltransferase 10.5 

 
   
 Analyzing the 2184 differentially expressed genes together permits to clarify which 

processes were impacted the most (Figure 18). A protein class could be predicted for 1331 of 

the genes, of which 231 (17%) were transferases and 189 (14%) were oxidoreductases. From 

the 1115 genes that could be associated to a molecular function, 688 (62%) conducted 

catalytic activities and 813 out of 1196 (68%) were involved with metabolic processes.  
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Figure 18. Distribution of the proteins synthesized (A) by all the differentially expressed 
genes in the 50 µg/mL group, their molecular functions (B), biological processes (C), cellular 
components (D), and related pathways (E). 

 

6.3.3 Seventy-five µg/mL 

The samples challenged with 75 µg/mL of Gentamicin Sulfate showed a down-

regulation of 38 genes (1% of the total), the up-regulation of 333 genes (8%), while 3949 

were non-differentially expressed (91%). From the 333 overexpressed genes, 12 did so in an 

increase larger than 10x (see Table 8). The trp and mal genes have been previously 

discussed. The “infinity-fold” overexpression of flxA, ybcV, and racC genes is an artifact of 

the ground controls’ expression values being virtually zero; however, the spaceflight values 

do not elicit a more thorough investigation of these genes. Only one of the 38 down-
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regulated genes was reduced by a factor smaller than -10x: ygeI (-11.76x), which 

synthesizes a yet uncharacterized protein (GORGP, 2015). 

 
Table 8. List of genes overexpressed at least by a 10-fold in the 75 µg/mL samples. 

Gene name Function Fold 
flxA Protein FlxA ∞ 
racC Protein RacC ∞ 

ybcV_2 Uncharacterized  ∞ 
malK Maltose/maltodextrin import ATP-binding protein MalK 24.28 
malE Maltose-binding periplasmic protein 24.09 
lamB Maltoporin 22.7 
trpE Anthranilate synthase component 1 22.29 
trpD Anthranilate synthase component II 19.45 
ykgO Uncharacterized  14.83 
trpC Tryptophan biosynthesis protein TrpCF 14.06 
trpB Tryptophan synthase beta chain 13.16 
trpA Tryptophan synthase alpha chain 12.46 

 
 From the 371 differentially expressed genes in the 75 µg/mL samples, most of the 

predicted proteins were oxidoreductases (51 out of 245, or 21%) and transferases (17%). 

Regarding molecular function, almost two thirds (136 out of 208, or 65%) of the 

characterized genes were associated with catalytic activity, and a similar percentage was 

with metabolic processes (147 out of 232, or 63%), in terms of their biological function 

(Figure 19). 
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Figure 19. Distribution of the proteins synthesized (A) by all the differentially expressed 
genes in the 75 µg/mL group, their molecular functions (B), biological processes (C), cellular 
components (D), and related pathways (E). 

 

6.4 LINEAR ANALYSIS  

 A linear analysis was conducted to assess the role of Gentamicin Sulfate 

concentration on different molecular processes. To achieve this, all of the differentially 

expressed genes (up- and down-regulated) in each of the three sets (25, 50 and 75 µg/mL) 

were characterized, and then compared against each other in each individual field. Figure 

20 shows the predicted impacted proteins from the differentially expressed genes (A) and 

their molecular functions (B). 
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Figure 20. Predicted impacted proteins from the differentially expressed genes (A) and their 
molecular functions (B). A decrease in synthesis as drug concentration was increased was 
observed on hydrolases, and nucleic acid binding proteins, while the opposite was true for 
oxidoreductases. In terms of molecular functions, an increase-trend was observed on 
catalytic activity, a decrease was noted in binding, and no changes are noticeable in 
transporter activity, nucleic acid binding transcription factor activity, or structural 
molecule activity. 

 
As seen in Figure 21, the increase in extracellular region may be related with the 

cell aggregation observed on the highest concentrations of Gentamicin Sulfate on the 

spaceflight samples. The investigated differential gene expression had virtually no impact 

on the cellular organelles, as only one gene out of 205, and one in 237 were associated with 

them in the 25 µg/mL and 50 µg/mL groups, respectively.  
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Figure 21. Impacted cellular components (C) and biological processes (D) from the 
differentially expressed genes. Regarding cellular components, no trends were observed in 
cell part, membrane, macromolecular complex, or organelles. An increase in extracellular 
region was observed.  In terms of impacted biological processes, no trends were noted as a 
function of drug concentration, including on response to stimulus.  

 
 Out of 68 impacted pathways by the differential gene expression, Figure 22 shows 

the 10 most affected. Only three of these pathways show trends that suggest a correlation 

with Gentamicin Sulfate concentration: an increase in chorismate biosynthesis and in de 

novo pyrmidine ribonucleotides biosynthesis, and a decrease in folate biosynthesis. The 

increase in chorismate is likely due to the under-expression of the aro genes in the 25 

µg/mL samples, while they increasingly overexpressed in the 50 and 75 µg/mL groups; the 

same phenomenon, but with the pyr and car genes, explains the trend in de novo pyrmidine 

ribonucleotides biosynthesis. The main driver behind the changes in folate biosynthesis is 

the folE gene’s expression. 
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Figure 22. Impacted pathways by the differential gene expression. No trends were observed 
as a function of drug concentration on de novo purine biosynthesis, N-acetylglucosamine 
metabolism, or in tryptophan or tyrosine biosynthesis. An increase was noted in chorismate 
biosynthesis and de novo pyrmidine ribonucleotides biosynthesis. There was a decrease in 
folate biosynthesis.  

 

6.5 GENES ASSOCIATED WITH RESISTANCE TO AMINOGLYCOSIDES 

 A literature survey was conducted to assemble a list of genes that have been 

associated with resistance to aminoglycosides; Table 9 describes them and their respective 

fold in/decrease in the AES-1 samples. From the 31 genes identified, only six were observed 

to be differentially expressed in the spaceflight samples, three being up-regulated and the 

other three showing both up- and down-regulation. The only gene showing some kind of 

trend is OppA, which was up-regulated in two of the three scenarios. However, OppA has 

been associated with resistance to aminoglycosides when it is underexpressed, as it assists 

in the transport of the molecule through the cellular membrane (Acosta et al., 2000). 
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Table 9. List of genes associated with resistance to aminoglycoside antibiotics. 

Gene 
name 

Function 25 
µg/mL 

50 
µg/mL 

75 
µg/mL 

Reference on 
resistance 

aaD2 Uncharacterized - - - (Magnet & Blanchard, 2005) 

AcrA Acriflavine resistance protein A -2.22 2.09 - (Elkins & Nikaido, 2002) 

AcrB Acriflavine resistance protein B -2.03 2.15 - (Magnet & Blanchard, 2005) 

AcrD Probable aminoglycoside efflux pump - - - 
(Magnet & Blanchard, 2005) 

(Elkins & Nikaido, 2002) 

adeB Uncharacterized - - - (Magnet & Blanchard, 2005) 

adeRS Uncharacterized - - - (Magnet & Blanchard, 2005) 

amrR69 Uncharacterized - - - (Magnet & Blanchard, 2005) 

ecfB Uncharacterized - - - 
(Thorbjarnardáttir, 

Magnúsdóttir, Eggertsson, 
Kagan, & Andrésson, 1978) 

emrR Uncharacterized - - - (Xiong et al., 2000) 

GmrA Uncharacterized - - - (Magnet & Blanchard, 2005) 

kanA Uncharacterized - - - (Thorbjarnardáttir et al., 1978) 

KgmB Uncharacterized - - - (Magnet & Blanchard, 2005) 

KsgA Uncharacterized - 2.42 - 
(O’Farrell, Scarsdale, & Rife, 

2004) 

ksgC Uncharacterized - - - 
(Yoshikawa, Okuyama, & 

Tanaka, 1975) 

Mar Uncharacterized - - - (May, Ito, & Okabe, 2009) 

MdfA Multidrug transporter MdfA - - - (Magnet & Blanchard, 2005) 

mexZ Uncharacterized - - - (Magnet & Blanchard, 2005) 

nfr Uncharacterized - - - 
(Morozov, Nosova, Biketov, 
Valiaev, & Domaradski�, 

1994) 

OppA 
Periplasmic oligopeptide-binding 
protein - 5.87 2.81 (Acosta et al., 2000) 

purE 
N5-carboxyaminoimidazole 
ribonucleotide mutase -2.19 4.77 - (Yoshikawa et al., 1975) 

rpsL 30S ribosomal protein S12 - - - (Gill & Amyes, 2004) 

rpxE Uncharacterized - - - 
(De Wilde, Cabezón, Villarroel, 

Herzog, & Bollen, 1975) 

rpxL Uncharacterized - - - (De Wilde et al., 1975) 

sir Uncharacterized - - - 
(Delcuve, Cabezon, Herzog, 

Cannon, & Bollen, 1978) 

Sox Uncharacterized - - - (May et al., 2009) 

strA Uncharacterized - - - (Delcuve et al., 1978) 

Suc Uncharacterized - - - (Collis & Grigg, 1989) 

TolC Outer membrane protein TolC - 3.96 - (May et al., 2009) 

unc Uncharacterized - - - (Thorbjarnardáttir et al., 1978) 

YhcQ Uncharacterized - - - (May et al., 2009) 

yigQR Uncharacterized - - - 
(Macinga, Cook, Poole, & 

Rather, 1998) 

 

6.6 GENES ASSOCIATED WITH OXIDATIVE STRESS  

A list of 48 E. coli genes associated with defense from oxidative stress was acquired 

from (Farr & Kogoma, 1991) and presented in Table 10. The samples challenged with 25 

µg/mL showed an up-regulation in six genes and a down-regulation in 9 genes. While only 
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one gene was overexpressed (and none were underexpressed) in the 75 µg/mL group, 27 

were up-regulated and none were down-regulated in the 50 µg/mL set. The wrbA gene 

outstands for its high-fold expression increase and because it was overexpressed in two 

different drug concentration scenarios. 

 
Table 10. List of genes associated with oxidative stress and their fold in/decrease. 

Gene 25 µg/mL 50 µg/mL 75 µg/mL Gene 25 µg/mL 50 µg/mL 75 µg/mL 
ahpC - - - nth - - - 
ahpF - - - ompF - 9.84 5.47 
apaH - 2.15 - oxyR -3.41 2.18 - 
appA 9.46 4.23 - oxyS - - - 
arcA -2.58 - - polA - 3.47 - 
dam -2.71 2.57 - polC - - - 
dnaK 7.57 3.25 - recA - - - 
gor - 2.44 - recB -2.45 - - 

groE - - - recC -5.61 - - 
groL 5.22 3.42 - rimK - - - 
groS 4.62 3.44 - rpoH - - - 
grx - - - sodA - 5.47 - 

gshA - 2.43 - sodB - 3.13 - 
gyrB - - - soi - - - 
katE - 2.43 - sox - - - 
katF - - - topA - 2.58 - 
katG - 3.55 - trxA - 3.22 - 
ksgA - 2.42 - trxB -3.06 2.77 - 
micF - - - uvrA - - - 
mutM 3.89 2.35 - uvrB - - - 
mvrA - - - uvrC -2.55 2.61 - 
ndh - 5.65 - wrbA 22.71 7.66 - 
nfo -3 2.77 - xthA -4.25 2.33 - 

nrdB - 2.25 - zwf - 2.9 - 
 

6.7 GENES ASSOCIATED WITH ACID RESISTANCE 

 Weber et al. (2005) presented a list of eleven 𝜎!-regulated genes associated with acid 

resistance, nine of which were overexpressed (in between 2.01x and 29.08x) and none was 

under-expressed in the AES-1 samples, as seen in Table 11. It is noteworthy that, again, 

only one gene was overexpressed in the 75 µg/mL group. Nevertheless, up-regulation can be 

seen on all the interrogated genes except two (hdeD and yhiU) in the two other scenarios.  
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Table 11. List of 𝜎!-regulated genes associated with acid resistance and their fold increase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 A comprehensive list of genes associated with acid resistance, regardless of the 

regulator, was reported in (Tucker et al., 2002), from which 24 other genes were identified, 

and listed on Table 12. From the 24 genes, 15 were overexpressed in the AES-1 samples. 

One of them, yccJ was the gene overexpressed the most (26.63x) in the 25 µg/mL samples. 

Only one gene was underexpressed (in the 25 µg/mL group); however, it was overexpressed 

in the 50 µg/mL scenario. 

 
Table 12. List of non-𝜎!-regulated genes associated with acid resistance and their fold 
in/decrease. 

Gene 25 µg/mL 50 µg/mL 75 µg/mL Gene 25 µg/mL 50 µg/mL 75 µg/mL 
asr - 9.75 - ydiZ 2.42 4.58 3.11 

cbpA 2.55 3.7 - yeaQ 7.04 6.26 2.83 
cfa - - - yebV - 3.71 - 
dps 4.78 3.6 - yfbE - - - 

ompC -2.21 2.8 - yfbF - - - 
osmY - 3.23 - ygfR - - - 
wrbA 22.71 7.66 - yhiE - - - 
yahO - - - yhiF 4.1 6.29 - 
ybaS 6.95 2.62 - yhiM 6.89 6.94 - 
ybaT 3.74 - - yhiW - - - 
ycaC 6.37 5.92 - yiaG 11.34 8.45 2.94 
yccJ 26.63 7.22 - yifC - - - 

 
 

Gene 
25 

µg/mL 
50 

µg/mL 
75 

µg/mL 
gadA 7.82 11.11 - 
gadB 5.75 23.04 - 
gadC 8.96 5.69 - 
gadE 20.62 5.82 - 
gadW 6.04 28.09 - 
gadX 7.21 29.08 - 
hdeA 4.49 14.86 2.01 
hdeB 4.78 9.52 - 
hdeD - - - 
slp 9.84 - - 

yhiU - - - 
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 Table 11 and Table 12 show that, from a total of 35 genes associated with acid 

resistance, 24 were up-regulated (in between 2.01x and 29.08x).  This data suggest that the 

cells indeed were under acidic stress. 

6.8 SUMMARY 

The per-drug analysis showed that 28 genes were commonly up-regulated 

throughout all three test sets. These genes include the mal operon, which transports 

maltose and other substrates across cellular membranes; and the thi genes, which were the 

highest up-regulated genes in this set and which are involved with catalytic activity and 

several metabolic processes. The list of 28 genes also includes several from the opp group, 

which transport oligopeptides (sources of carbon) but also aminoglycosides into the cell. 

Several suc genes were also overexpressed among all the three assessed test scenarios (25, 

50 and 75 µg/mL); they are involved with succinyl-Co-A processes, and Suc¯ phenotypes of 

E. coli have shown cross-resistance to aminoglycosides. Only one gene, cusF, associated 

with cation efflux system, was found to be commonly under-expressed throughout all the 

three test sets.  

 The per-scenario approach allowed for an analysis to be conducted individually for 

the three drug concentration data sets. The 25 µg/mL samples showed an up-regulation of 

the gadE and yccJ genes, both associated with conferring E. coli with acid resistance. The 

ecnA gene, the antidote to the ecnB toxin gene, was the single most underexpressed gene in 

this set; ecnAB is an antidote/toxin gene pair (also known as addiction molecules) that 

control apoptosis, or programmed cell death during starvation conditions. The wrbA gene, 

believed to have a role in oxidative stress defense and/or cell signaling (and which is also 

acid-induced), was up-regulated. The 50 µg/mL samples showed an up-regulation on the 

whole trp operon, which is associated with the formation of amino acids and organic acids – 
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the trp were the five genes that incremented in expression the most. Overexpression of the 

gadABC and E genes, and of hdeA, and B, all associated with acid resistance, was noted. 

Another set of genes that were up-regulated in this group were malE and malK, which are 

involved in the transport of all substrates through the inner cell membrane. The thi genes, 

associated with thiamine biosynthetic enzymes needed for carbohydrate metabolism, were 

overexpressed. None of the 12 down-regulated genes was reduced by a factor smaller than -

5x. The 75 µg/mL samples exhibited overexpression of the trp and mal genes, previously 

discussed.  

A literature survey was conducted to assemble a list of 31 genes that have been 

associated with resistance to aminoglycosides, from which only six were differentially 

expressed and only one was overexpressed in more than one of the three antibiotic 

concentration scenarios. This was the oppA gene, which permits bacteria to resist 

aminoglycosides when it is underexpressed, the opposite of what was observed on the 

spaceflight samples.  

 A similar analysis took place where the overexpressed genes in the AES-1 

spaceflight samples were checked against a list of 48 genes associated with oxidative stress 

responses. The 25 µg/mL samples showed an up-regulation in six and a down-regulation in 

nine; while only one gene was overexpressed (and none were underexpressed) in the 75 

µg/mL group, However, 27 were up-regulated and none were down-regulated in the 50 

µg/mL set. 

Finally, another review indicated that there are 35 genes associated with acid 

resistance in E. coli, from which 24 were up-regulated (in between 2.01x and 29.08x) in the 

AES-1 spaceflight samples. 
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6.9 DISCUSSION  

 Table 13 associates the individual results of the preliminary gene expression 

analysis with observations relevant to the AES-1 experiment, and categorizes them in four 

groups: acid response, lysis, metabolism, and transport. 

 
Table 13. AES-1 differentially expressed genes of special interest and their fold in/decrease. 
Genes with a white background are associated with acid response; those in a light brown 
background are associated with lysis; in light blue with metabolic processes, and in dark 
gray with trans-membrane transport. 

Gene 25 µg/mL 50 µg/mL 75 µg/mL Gene 25 µg/mL 50 µg/mL 75 µg/mL 
asr - 9.75 - yhiW - - - 

cbpA 2.55 3.7 - yiaG 11.34 8.45 2.94 
cfa - - - yifC - - - 
dps 4.78 3.6 - ecnA -34.31 - - 

gadA 7.82 17.49 - ecnB 15.7 3 - 
gadB 5.75 25.6 - aceE - 3.42 - 
gadC 8.96 11.11 - aceF - 3.57 - 
gadE 20.62 23.04 - lpd - 2.91 - 
gadW 6.04 5.69 - pfl - - - 
gadX 7.21 5.82 - poxB 4.7 3.48 - 
hdeA 4.49 28.09 - sucA 2.7 4.07 2.11 
hdeB 4.78 29.08 - sucB 3.91 3.6 2.05 
hdeD - 14.86 2.01 sucC 3.33 4.16 2.22 
hdeE - - - sucD 4.22 4.39 2.29 
ompC -2.21 2.8 - thiE 2.84 28.59 4.29 
osmY - 3.23 - thiF 3 28.87 4.93 

slp 9.84 9.52 - thiG 2.34 30.48 5.32 
wrbA 22.71 7.66 - thiH 2.37 24.88 5.06 
yahO - - - thiS 3 32.41 3.97 
ybaS 6.95 2.62 - trpA - 69.11 12.46 
ybaT 3.74 - - trpB - 53.43 13.16 
ycaC 6.37 5.92 - trpC - 45.61 14.06 
yccJ 26.63 7.22 - trpD - 60.78 19.45 
ydiZ 2.42 4.58 3.11 trpE - 46.74 22.29 
yeaQ 7.04 6.26 2.83 cusF - - - 
yebV - 3.71 - malE 2.81 43.8 24.09 
yfbE - - - malK - 22.39 24.28 
yfbF - - - oppA - 5.87 2.81 
ygfR - - - oppB 2.67 4.68 2.63 
yhiE - - - oppC 3 4.3 2.52 
yhiF 4.1 6.29 - oppD 4.36 4.27 2.6 
yhiM 6.89 6.94 - oppF 4.08 4.77 2.73 
yhiU - - - yhiW - - - 
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6.9.1 Resistance to Aminoglycosides 

From the 31 genes know to confer E. coli with resistance to aminoglycosides (e.g. 

Gentamicin Sulfate), only six were differentially expressed in space. From this list, the 

oppA gene was the only up-regulated gene in more than one of the three AES-1 samples 

sets. However, this resistance is conferred to E. coli when the gene is underexpressed, as 

this gene transports the antibiotic into the cell, but it was overexpressed in the spaceflight 

cultures, enabling more antibiotic molecules to permeate through the cellular membrane. 

The results of the gene expression analysis suggest that the currently known 

resistance mechanisms against E. coli were not systematically activated. This 

might be an indication that, if E. coli became more resistant to Gentamicin Sulfate in space, 

it did so via a mechanism not yet characterized. However, it is argued that for a novel 

mechanism to be activated, the cell would have needed to be challenged with a 

concentration of antibiotic that would have likely up-regulated some of the genes already 

known to help E. coli resist the drug. Because this up-regulation was not observed, this 

data suggests that drug molecules may have reached the cell at a lower rate, thus 

eliciting increased bacterial growth with respect to the ground controls. 

6.9.2 Acid Response 

The gene expression analysis conducted on these AES-1 samples shows that, from the 35 

genes known to be induced by acid conditions, 24 were overexpressed in the spaceflight 

cultures. This indicates that there was an increase in acidity in the (intra- and/or 

extra-) cellular environment. Tucker et al. (2002) characterized 26 acid-induced genes 

and concluded that 13 of them were up-regulated by acetate: (cfa, dps, gadA, gadB, hdeA, 

hdeB, hdeD, ompC, osmY, slp, yccJ, yeaQ, and yhiX). Ten of these genes were overexpressed 

in the AES-1 spaceflight samples, suggesting that the increase in acidity may have 
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been in part due to a rise in acetate concentration in and/or around the cell. The 

acetate connection is investigated further in the Metabolism paragraph. 

6.9.3 Role of the rpoS gene and 𝝈𝑺  

The rpoS gene encodes the sigma factor 𝜎! (RpoS protein) when the cell is under 

environmental stress to regulate the transcription of 156 genes that may permit the 

bacteria to survive (Weber, Polen, Heuveling, Wendisch, & Hengge, 2005). Although 𝜎! is 

the master regulator of the general stress response in E. coli (Weber et al., 2005), no trends 

were observed on the spaceflight samples in terms of rpoS differential expression. An 

underexpression (-3.48x) was observed in the 25 µg/mL samples and no changes were 

present in the two other sets. Nevertheless, of eleven 𝜎!-regulated acid response-related 

genes, nine were up-regulated in the spaceflight samples. However, it was reported that 

these genes’ dependence on RpoS is reduced or even abolished under acid stress conditions 

(Weber et al., 2005). The gene expression data indicates that there was no 

overexpression of the rpoS gene, which is usually activated by environmental 

stress. An analysis of the complete gene expression data set, and of the 156 genes 

regulated by RpoS, will be needed to arrive to conclusive results.  

6.9.4 Apoptosis 

The ecnAB is an antidote/toxin gene pair that was differentially expressed in the 

spaceflight samples. The toxin gene ecnB was up-regulated in two of the three sets 

(between 3.00x and 15.70x) while the antidote gene ecnA was down-regulated (-34.31x) in 

the first group. The ecnAB gene pair is encoded by the enterocidin locus, a chromosomal 

bacteriolytic module of E. coli that is regulated by osmotic signals during starvation at 

stationary phase, and programs the cell to die, likely to provide nutrients to remaining 
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healthy cells in the population (Bishop, Leskiw, Hodges, Kay, & Weiner, 1998). This 

indicates that there likely were 1) osmolarity differences, and 2) an increased 

starvation condition in the spaceflight samples with respect to their matched 

ground controls. It is of interest that, although the enterocidin locus is regulated by 

RpoS, no systematic overexpression of the rpoS gene was observed. This might indicate that 

exposure to spaceflight may have exposed a novel regulator of the ecnAB suicide genes. 

Currently, these genes cannot be artificially up-regulated to cause bacterial cells to die via 

RpoS because this protein also up-regulates several stress-response mechanisms (Weber et 

al., 2005). However, if cultures grown in space could show a novel regulation 

mechanism of the enterocidin locus, this could be exploited to kill drug-resistant 

bacteria on Earth. 

6.9.5 Oxidative Stress 

The conflicting results between the 25 µg/mL (where six genes were up-regulated 

and nine were down-regulated), 50 µg/mL (where 27 genes were up-regulated), and 75 

µg/mL (where only one gene was overexpressed), out of 48 genes associated with oxidative 

stress response, sets makes it difficult to arrive to a conclusion in terms of potential 

oxidative stress in the spaceflight samples. Seven genes were overexpressed in two 

drug concentration sets, from which wrbA outstands for the high fold of its up-regulation 

(22.71x and 7.66x). This gene synthesizes the WrbA flavoprotein, which is believed to have 

a role in oxidative stress defense and/or cell signaling (Kishko et al., 2012). The oxyR gene, 

associated with peroxide stress response in E. coli and Salmonella typhimurium, was down-

regulated in the 25 µg/mL samples (-3.41x), up-regulated in the 50 µg/mL samples (2.18x), 

and non-differentially expressed in the 75 µg/mL group. The overexpression of oxyR in 
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only one of the three sets (and at a low fold) suggests that, if the cells were under 

oxidative stress, this was likely not coming from peroxide molecules.  

6.9.6 Metabolism 

To investigate the potential acetate connection further, the genes related with 

acetate production were interrogated. Three enzymes convert pyruvate to acetyl 

compounds: pyruvate oxidase PoxB (poxB), pyruvate dehydrogenase PDH (aceEF and lpd), 

and pyruvate formate lyase Pfl (pfl), where the encoding gene is in parenthesis (Chang, 

Wang, & Cronan, 1994); as seen in Table 13, all of these genes were up-regulated in the 

AES-1 spaceflight samples. When conducting a similar assessment on the other potential 

metabolic byproducts, it was noted that virtually all of the genes characterized as involved 

in these metabolic pathways were overexpressed in the spaceflight samples (Figure 23). 

This suggests that overall metabolic activity was stimulated in space, which 

could be involved with the observed increase in bacterial proliferation in 

microgravity. 
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Figure 23. E. coli metabolic pathways, compiled from (Liu & Jarboe, 2012) and (Chang et 
al., 1994). Most of the genes associated with these metabolic pathways were overexpressed 
in the spaceflight samples with respect to the ground controls.  

 
The up-regulation of the trp operon, which is associated with the formation of amino 

acids and organic acids, may be related with the processes shown in Figure 23 although a 

clear correlation has not yet been found. In general, the trp operon is regulated by the 

presence of tryptophan in the environment through a negative feedback loop, which 

suggests that there was a decrease in environmental tryptophan for the trp operon to be so 

overexpressed (up to 69.11x). The malE gene was also up-regulated in all three sets; 

however, the encoding of the MalE protein is under a positive control, meaning that its 

synthesis is inducible by maltose (Kellermann & Szmelcman, 1974). In the AES-1 

experiment the source of carbon for E. coli was glucose 𝐶!𝐻!"𝑂!  and not maltose 

𝐶!"𝐻!!𝑂!! , so an explanation to this phenomenon still needs to be formulated. The thi 
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genes were also overexpressed in all of the data sets.  They synthesize thiamine, which is 

needed for carbohydrate metabolism. Although further research is needed to corroborate 

this, the overexpression of the thi, opp, and mal genes may suggest that this was a response 

to carbon starvation as E. coli accumulates adenosine thiamine triphosphate (AThTP), a 

form of thiamine, in response to lack of energy substrates (Gigliobianco et al., 2010). The 

suc genes, which are also associated with metabolism, were also upregulated; their role in 

the overall observations is still not clear.  This information suggests that 1) a 

stimulation of several metabolic pathways increased the production of conjugate 

bases such as acetate, and formate; and 2) the cells were under a carbon 

starvation environment in space.  

6.9.7 Other Studies 

Because gene expression data has not yet been produced for the cultures challenged 

with higher concentrations of Gentamicin Sulfate, (100-175 µg/mL) a study to correlate cell 

aggregation to gene expression has not yet been conducted. Another investigation that may 

be worth undertaking when the complete gene expression data package is received, is to 

assess if there is a correlation between the differential regulation of genes associated with 

cell signaling (for quorum sensing), e.g. wrbA, and the phenotypic observations. 
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CHAPTER 7 

CONCLUSIONS 

The literature survey on spaceflight investigations in which antibiotic activity and 

cell envelope thickness were assessed, presented in Chapter 4, shows that few results have 

been reported with a supporting statistical analysis and have been free of potential 

confounding from re-adaptation to 1g. From the ones that have, it can be concluded that 

non-motile E.coli has shown increased growth with respect to ground controls, both in 

liquid medium and agar, and has proliferated in 1XMIC of Gentamicin in liquid medium. 

On the other hand, it has also been documented that the same drug showed a 10% increase 

in effectiveness on the same bacterial strain when tested in agar. This stresses the 

importance of the role that growth medium (liquid vs. solid) play on the extracellular 

environment. This literature review also shows that several scientific questions remain 

unanswered, such as if there are changes on antibiotic activity or binding, or on bacterial 

cellular envelope due to gravity; or if fluid behavior plays a role on bacterial susceptibility 

to antibiotics in space; or the differentiation between the roles of microgravity and radiation 

on the observed phenomena in space. Finally, this thorough literature survey and analysis 

demonstrates that there are yet no sound conclusions regarding changes on bacterial cell 

envelope due to spaceflight conditions.  
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 The conclusions from the Antibiotic Effectiveness in Space (AES-1) experiment, 

presented in Chapter 5, are summarized and presented in Table 14 together with 

information regarding their respective statistical analyses and their results. One-way 

ANOVA were conducted to assess the role of drug concentration on a) cell length and b) 

diameter for the four different combinations of drug type (Gentamicin Sulfate and Colistin 

Sulfate) and gravity environment (spaceflight and ground control). There were no 

statistically significant differences in either condition, suggesting that cell size is 

independent of drug concentration. Therefore, samples were grouped in spaceflight vs. 

ground controls and paired student t tests were conducted. 
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Table 14. Synopsis of differences on spaceflight cultures challenged with Gentamicin 
Sulfate (except “Cell concentration at time of antibiotic introduction”, where cultures were 
antibiotic-free) with respect to matched ground controls, and their paired student t test.  

Parameter Conclusion Result 

Cell 
concentration 

at time of 
antibiotic 

introduction 

No statistically significant 
difference 

Mspace = 6.91x106  𝑐𝑒𝑙𝑙 𝑚𝐿 SDspace = 7.98x106𝑐𝑒𝑙𝑙 𝑚𝐿;  

Mground = 7.88x106  𝑐𝑒𝑙𝑙 𝑚𝐿, SDground = 1.65x106 𝑐𝑒𝑙𝑙 𝑚𝐿  

(t(10) = -0.24, p = 0.8151) 

Cell Length 

Statistically significant: 
Cells in space were 71% 

the length of ground 
controls 

Mspace = 1.660 µm, SDspace = 0.288 µm;  

Mground = 2.353 µm, SDground = 0.603 µm 

 (t(310) = -2.07, p = 0.0389) 

Cell Diameter 

Statistically significant: 
Cells in space were 78% 

the length of ground 
controls 

Mspace = 0.627 µm, SDspace = 0.084 µm;  

Mground = 0.809 µm, SDground = 0.131 µm  

 (t(310) = -2.33, p = 0.0203) 

Cell Volume 

Statistically significant: 
Cells in space had 41% 
the volume of ground 

controls 

Mspace = 0.457 µm3, SDspace = 0.155 µm3;  

Mground = 1.109 µm3, SDground = 0.534 µm3 

 (t(310) = -2.35, p = 0.0196) 

Cell Surface 

Statistically significant: 
Cells in space had 54% 
the volume of ground 

controls 

Mspace = 3.281 µm2, SDspace = 0.762 µm2;  

Mground = 6.021 µm2, SDground = 2.027 µm2 

 (t(310) = -2.53, p = 0.0119) 

Cell Envelope 
Thickness 

Not enough data produced yet 

Antibiotic 
Effectiveness 

– 25 µg/mL 
Gentamicin 

Statistically significant: 

7-fold increase in final 
cell concentration in space 

with respect to ground 
controls 

Mspace = 4.38x108 𝑐𝑒𝑙𝑙 𝑚𝐿, SDspace =2.87x107 𝑐𝑒𝑙𝑙 𝑚𝐿;  

Mground = 6.19x107 𝑐𝑒𝑙𝑙 𝑚𝐿, SDground = 5.01x107 𝑐𝑒𝑙𝑙 𝑚𝐿 

 (t(5) = 13.03, p = 0.00005) 

Antibiotic 
Effectiveness 

– 50 µg/mL 
Gentamicin 

Statistically significant: 
41-fold increase in final 
cell concentration in space 

with respect to ground 
controls 

Mspace = 4.87x108 𝑐𝑒𝑙𝑙 𝑚𝐿, SDspace = 4.54x107 𝑐𝑒𝑙𝑙 𝑚𝐿;  

Mground = 1.18x107 𝑐𝑒𝑙𝑙 𝑚𝐿, SDground = 1.59x107 𝑐𝑒𝑙𝑙 𝑚𝐿 

 (t(5) = 19.75, p = 0.00001) 

Antibiotic 
Effectiveness 

– 75 µg/mL 
Gentamicin 

Statistically significant: 
18-fold increase in final 
cell concentration in space 

with respect to ground 
controls 

Mspace = 3.10x108 𝑐𝑒𝑙𝑙 𝑚𝐿, SDspace = 1.01x108 𝑐𝑒𝑙𝑙 𝑚𝐿;  

Mground = 1.71x107 𝑐𝑒𝑙𝑙 𝑚𝐿, SDground = 1.12x107 𝑐𝑒𝑙𝑙 𝑚𝐿 

 (t(6) = 5.74, p =0.00121) 

Antibiotic 
Effectiveness 

– Overall 
Gentamicin 

Statistically significant: 
13-fold increase in final 
cell concentration in space 

wrt ground controls 

Mspace = 4.01x108 𝑐𝑒𝑙𝑙 𝑚𝐿, SDspace = 1.03x108 𝑐𝑒𝑙𝑙 𝑚𝐿;  

Mground = 3.03x107 𝑐𝑒𝑙𝑙 𝑚𝐿, SDground = 3.66x107 𝑐𝑒𝑙𝑙 𝑚𝐿 

 (t(20) = 6.77, p =0.000001) 
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The preliminary assessment of gene differential expression was conducted first in a 

per-drug fashion, where the spaceflight data was compared to that of the ground controls, 

and in a per-scenario (i.e. per drug concentration) approach, where flight and matched 

ground controls were compared in three sets: 25, 50, and 75 µg/mL (since that is the gene 

expression data available at this time). The per-drug analysis showed that 28 genes were 

commonly up-regulated throughout all three test sets. These genes include the mal operon, 

which transports maltose and other substrates across cellular membranes; and the thi 

genes, which were the highest up-regulated genes in this set and which are involved with 

catalytic activity and several metabolic processes. The list of 28 genes also includes several 

from the opp group, which transport oligopeptides (sources of carbon) but also 

aminoglycosides into the cell. Several suc genes were also overexpressed among all the 

three assessed test scenarios (25, 50 and 75 µg/mL); they are involved with succinyl-Co-A 

processes, and Suc¯ phenotypes of E. coli have shown cross-resistance to aminoglycosides. 

Only one gene, cusF, associated with cation efflux system, was found to be commonly 

under-expressed throughout all the three test sets.  

 The per-scenario approach allowed for an analysis to be conducted individually for 

the three drug concentration data sets. The 25 µg/mL samples showed an up-regulation of 

the gadE and yccJ genes, both associated with conferring E. coli with acid resistance. The 

ecnA gene, the antidote to the ecnB toxin gene, was the single most underexpressed gene in 

this set. ecnAB is an antidote/toxin gene pair (also known as addiction molecules) that 

control apoptosis, or programmed cell death during starvation conditions. The wrbA gene, 

believed to have a role in oxidative stress defense and/or cell signaling (and which is also 

acid-induced), was up-regulated. The 50 µg/mL samples showed an up-regulation on the 

whole trp operon, which is associated with the formation of amino acids and organic acids – 

the trp were the five genes that incremented in expression the most. Overexpression of the 
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gadABC and E genes, and of hdeA, and B, all associated with acid resistance, was noted. 

Another set of genes that were up-regulated in this group were malE and malK, which are 

involved in the transport of all substrates through the inner cell membrane. The thi genes, 

associated with thiamine biosynthetic enzymes needed for carbohydrate metabolism, were 

overexpressed. None of the 12 down-regulated genes was reduced by a factor smaller than -

5x. The 75 µg/mL samples exhibited overexpression of the trp and mal genes, previously 

discussed.  

A literature survey was conducted to assemble a list of 31 genes that have been 

associated with resistance to aminoglycosides, from which only six were differentially 

expressed and only one was overexpressed in more than one of the three antibiotic 

concentration scenarios. This was the oppA gene, which permits bacteria to resist 

aminoglycosides when it is underexpressed, the opposite of what was observed on the 

spaceflight samples. It was concluded that the genes associated with conferring resistance 

to the aminoglycoside class of antibiotics to E. coli were not systematically activated, as 

shown in Figure 24. 

 

Figure 24. Differential expression of the 31 genes associated with conferring resistance to 
the aminoglycosides class of antibiotics in terms of general distribution (A) and per-scenario 
(B).  

 A similar analysis took place where the overexpressed genes in the AES-1 

spaceflight samples were checked against a list of 48 genes associated with oxidative stress 
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responses. As seen in Figure 25, the 25 µg/mL samples showed an up-regulation in six and 

a down-regulation in nine; while only one gene was overexpressed (and none were 

underexpressed) in the 75 µg/mL group, However, 27 were up-regulated and none were 

down-regulated in the 50 µg/mL set. No conclusions could be reached in terms of oxidative 

stress due to the inconsistency in gene expression results on the three scenarios. 

 

Figure 25. Differential expression of the 48 genes associated with conferring resistance to 
the oxidative stress in terms of general distribution (A) and per-scenario (B). 

Finally, another review indicated that there are 35 genes associated with acid 

resistance in E. coli, from which 24 were up-regulated (in between 2.01x and 29.08x) in the 

AES-1 spaceflight samples, as seen in Figure 26. This up-regulation was observed in all 

three scenarios. From this, it was concluded that there was an increase in acidity in the 

(intra- and/or extra-) cellular environment. Furthermore, 10 out of 13 genes up-regulated in 

the presence of high concentrations of acetate were overexpressed, as seen in Figure 26 (C). 

Similarly, 9 out of 11 genes that confer resistance to acidity and which are regulated by 

RpoS were overexpressed, despite of the fact that rpoS was not up-regulated. This is also 

indication of the increase in acidity around the cell because these genes’ dependence on 

RpoS is reduced or even abolished under acid stress conditions.  
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Figure 26. Differential expression of the 35 genes associated with acid resistance in terms 
of general distribution (A) and per-scenario (B). (C) shows that 10 out of 13 genes that are 
up-regulated by acetate were overexpressed. Similarly, 9 out of 11 RpoS-dependent genes 
that confer acid resistance under high-acidity environments, but that abolish their 
dependence on RpoS under extreme conditions (rpoS was not up-regulated), were up-
regulated (D). 

The most important conclusions from the gene expression data analysis are summarized in 

Table 15. 
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Table 15. Summary of conclusions from the gene expression observed in space with respect 
to the matched ground controls. 

Parameter Conclusion Supporting data 

Drug-resistance 

No systematic activation of the 
genes known to confer 

resistance (resistome) to 
aminoglycosides 

Only 6 out of 31 associated genes were 
overexpressed. Gene that confers 

sensitivity to antibiotics (oppA) was up-
regulated 

Extra-cellular 
environment:  

Acidity 

There was an increase in 
acidity the intra- and/or extra-

cellular environment 

24 out of 35 associated genes were up-
regulated 

9 out of 11 genes that are regulated by 
RpoS, but are regulated even when rpoS 
is not activated (which was the case) if 

there are high-acidity conditions 

There was an increase in 
acetate concentration in the 
intra- and/or extra-cellular 

environment 

10 out of 13 associated genes were up-
regulated 

Role of rpoS (𝜎!) 
No overexpression of the stress-

master regulator rpoS 
Only differential expression was            

(-3.48x) in the 25 µg/mL samples 

Apoptosis 

The RpoS-regulated suicide 
gene was overexpressed 

without rpoS being activated. 
This suggests there might be a 

novel mechanism to activate the 
suicide process in (drug-

resistant) bacteria. 

The toxin gene ecnB was up-regulated 
in two of the three sets (3.00x, 15.70x); 

the antidote gene ecnA was down-
regulated (-34.31x) in the first group, 
their known regulator, rpoS, was not 

activated. 

Oxidative Stress 

No conclusion regarding 
oxidative environment reached 

Results show similar trends in down-, 
up-, and non-differentially gene 

expression 

Peroxide concentration was not 
increased in spaceflight cultures 

No systematic overexpression of oxyR 

Metabolism 
Overall metabolic activity was 

stimulated in space 
19 out of 21 glucose catalysis-associated 

genes were up-regulated 

Extra-cellular 
environment:  

Nutrients 
(Glucose) 

This data suggests that cells 
were under carbon starvation 

Up-regulation of genes associated with 
the transport of substrates into the cell, 

accumulation of AthTP during 
starvation, and 19 out of 21 glucose-

catalysis associated genes 
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CHAPTER 8 

DISCUSSION 

A literature survey on antibiotic effectiveness in space shows that the questions that 

were posed at the dawn of this research field remain unanswered: “are there changes in 

antibiotic activity in space?” and “are there changes in cellular envelope thickness in 

space?” Additionally, the first seven spaceflight experiments to address these issues have 

posed other questions, such as “does fluid behavior play a role on bacterial susceptibility to 

antibiotics in space?”. Figure 4, in Chapter 4, shows how has our understanding of this field 

progressed during the last decades and serves to define the state of knowledge prior to the 

Antibiotic Effectiveness in Space (AES-1) experiment.  

  Conclusions from AES-1 include that E. coli was able to survive in concentrations 

of Gentamicin Sulfate that on Earth would be inhibitory, and that the spaceflight samples 

grew to a smaller cell size, and showed a tendency to aggregate when challenged with high 

concentrations of Gentamicin. In addition to these phenotypic changes, the results from the 

gene expression analysis suggest that the currently known resistance mechanisms against 

E. coli were not systematically activated. Because this up-regulation was not observed, this 

data suggests that drug molecules may have reached the cell at a lower rate, thus eliciting 

increased bacterial growth with respect to the ground controls. The gene expression 
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analysis also indicates that there was an increase in acidity in the (intra- and/or extra-) 

cellular environment; this increase in acidity may have been in part due to a rise in acetate 

concentration.  

The gene expression data indicates that there was no overexpression of the rpoS 

gene, which is usually activated by environmental stress. An analysis of the complete gene 

expression data set, and of the 156 genes regulated by RpoS, will be needed to arrive to 

conclusive results. The overexpression of ecnB and underexpression of ecnA indicates that 

there likely were 1) osmolarity differences, and 2) an increased starvation condition in the 

spaceflight samples with respect to their matched ground controls.  

Conflicting results in term of potential oxidative stress makes it difficult to arrive to 

a conclusion. However, the overexpression of oxyR in only one of the three sets (and at a low 

fold) suggests that, if the cells were under oxidative stress, this was likely not coming from 

peroxide molecules.  

The differential gene expression analysis suggests that overall metabolic activity 

was stimulated in space, which could be involved with the observed increase in bacterial 

proliferation in microgravity. This study suggests that 1) a stimulation of several metabolic 

pathways increased the production of conjugate bases such as acetate, and formate; and 2) 

the cells were under a carbon starvation environment in space.  

8.1 PROPOSED MODEL 

 
 Figure 27 graphically describes a working theory of what occurs in the extracellular 

environment in space (A and C) compared to 1g (B and D) that could explain some of the 

observed phenomena; this is only a graphic representation – a not-yet validated theoretical 

computer model has been published in (Klaus et al., 2004)). Changes in the extracellular 
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fluid environment can be summarized in four different scenarios: in these images, red 

indicates high concentration, while blue represents low concentration of a given chemical 

component. Under 1g (B and D), there is density-driven fluid motion as well as cell 

sedimentation, both gravity-driven. On the other hand, in microgravity (A and C), cell 

motion is provided only through active means (e.g. flagella) and particle displacement 

through Brownian motion, as explained in (Klaus et al., 2004). In the case of AES-1, where 

the bacterial model was non-motile, no active cell movement is assumed. 

 

Figure 27. Graphical models of altered extracellular fluid environment. Red indicates high 
concentration of a chemical component and blue is a low concentration. The white circle is a 
simplification of a bacterial cell in the fluid. (A) and (C) represent the microgravity 
environment while (B) and (D) the 1g environment, where a cell sediments. 

The results of the gene expression analysis can then be correlated with these four potential 

extracellular fluid environments explanations, as described in Table 16.  
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Table 16. Potential extracellular fluid environment explanations to the observed 
differential gene expression. Up-arrow indicates up-regulation; down arrow down-
regulation. 

Hypothetical (H) or 
measured (M) 

phenotypic result in 
space 

Associated 
Molecule 

Potential 
extracellular fluid 

environment 
explanation 

 
Gene expression supporting 
extracellular environment 

explanation 
 Spaceflig

ht  
Ground 
Controls 

(M) Increased bacterial 
growth when challenged 

with drugs 
Antibiotic C D 

No systematic activation of E.coli's 
known resistome to 

aminoglycosides 

(H) Increased acidity 
around cell 

Carboxylic 
Acids 

A B 

1) !24 out of 35 acid-reponse 
genes, 2) !9 out of 11 rpo-s 

dependent acid-response genes 
activated despite lack of rpoS 

overexpression, 3) !10 out of 13 
acetate-production genes, 4) !5 

out of 5 acetyl compound-
producing genes 

(H) Starvation Glucose C D 
1) !ecnB, "ecnA, 2) !malE, 

!malK, 3) !thi 

(H) Increased metabolic 
activity 

Glucose C D 
1) !19 out 21 glucose metabolism-

genes, 2) !5 out of 5 acetyl 
compound-production genes 

(H) Decrease in 
environmental 

tryptophan 
Tryptophan C D !trp 

(H) Increased trans-
membrane transport 
(starvation related?) 

Several C D 
1) !malE, !malK, 2) !oppA, 3) 

"cusF 

(H) Change in 
environmental 
osmolarity (?) 

Unknown     
!ecnB, "ecnA, although rpoS was 

not overexpressed 

(M) Decrease in cell size       Not yet clarified 
(M) Cell aggregation       Not yet clarified 

 

Figure 28 summarizes the hypothesized processes that could explain the observed 

phenomena in space. Microgravity triggers alterations in the extracellular environment, in 

this case, reducing the concentration of glucose molecules around the cell (as in Figure 27-

C). This produces a starvation environment for the bacterial cells, which up-regulate their 

metabolic processes to synthesize substrates. This would explain the observed increase in 

trans-membrane transport gene expression and the observed bacterial proliferation in 
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spaceflight (regardless if challenged or no with antibiotics). The up-regulated metabolism 

then increases the production of carboxylic acids creating a region of high acidity around 

the cell (as in Figure 27-A) since they move away from the cell exclusively by Brownian 

motion. This, in turn, up-regulates the genes that confer E. coli with acid resistance. It is 

not yet clear what the consequences of this overexpression may be. 

 

Figure 28. Hypothesized process that explains the observed increased bacterial 
proliferation in space (regardless if cells were challenged with antibiotics). 

 

Figure 29 depicts the hypothesis that explains the observed bacterial proliferation in 

concentrations of drugs that on Earth are inhibitory. The fact that there was no systemic 

up-regulation (some genes were even down-regulated in space) suggest that there was a 

reduced concentration of antibiotics around the cell.  
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Figure 29. Hypothesized process that explains the observed bacterial proliferation in 
concentrations of antibiotics that are inhibitory on Earth. 

 

Figure 30 shows the pathway for the activation of the entericidin locus (also known 

as a “suicide module” because it causes the cell to program its own death) and its eventual 

up-regulation of the toxin gene ecnB and down-regulation of the antidote gene ecnA, 

(differential expression of ecnAB was observed in the spaceflight samples). The activation of 

the rpoS gene is necessary, as it synthesizes the RpoS protein that, in turn, activates the 

entericidin locus. However, rpoS showed no differential expression in two of the three space 

culture sets and was underexpressed in the third. This poses the question of what caused 

the up-regulation of ecnB (up to 15.7x) and down-regulation of ecnA (down to -34.31x).  

  
 

 
Figure 30. The activation of the entericidin locus and eventual cell death.  No 
overexpression of the rpoS gene was observed, so it is not yet clear what caused the 
activation of ecnAB. Learning of an alternative activator of this locus, which might have 
been up-regulated in spaceflight, could serve as a novel drug target. 
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 Because rpoS (the known activator of the entericidn locus) was not overexpressed, 

but the locus was differentially expressed, it is believed that there is an alternative 

activator of the entericidin locus that was turned on during spaceflight. This alternative 

activator could potentially be used as a novel antibiotic target. The activation of the ecnB 

gene is of interest because it programs cell death by synthesizing lipoproteins and 

eventually causing lysis (Bishop et al., 1998). This occurs naturally when rpoS is activated 

by starvation and increase osmolarity. However, if the entiricidin locus could be activated 

via an antibiotic molecule, cells could be “re-programmed” to kill themselves, which could 

prove beneficial against drug-resistant bacteria.  

The description of the evolution of knowledge in these matters, originally presented 

in Figure 4, is updated in Figure 31 with the conclusion and hypothesis derived from this 

thesis work. Additionally, Table 17 summarizes the conclusions regarding each hypothesis. 

For the first one, it was found that this is generally true with the caveat that antibiotic 

efficacy is not the correct term, as that was not the measured parameter. The better 

explanation is that, in space, a lower rate of antibiotics reached each bacterial cell. 

Table 17. Conclusions reached about each hypothesis. “G” speaks of Gentamicin Sulfate, 
while “C” of Colistin Sulfate. 

Hypothesis Conclusion 

Antibiotics used to treat bacteria grown in space will exhibit reduced efficacy and 
will be associated with specific changes in bacterial gene expression that correlate 
with cell survival 

See above 
explanation 

G1/C1: When challenged with “G”/”C” in microgravity, E. coli ATCC 4157 cells will 
grow to larger sizes compared to matched 1g controls 

False 

G2/C2: When challenged with “G”/”C” in microgravity, E. coli ATCC 4157 cells will 
develop thicker cell envelopes compared to matched 1g controls 

Undetermined 

G3/C3: When challenged with “G”/”C”  in microgravity, E. coli ATCC 4157 cells 
will grow to higher final cell concentrations compared to matched 1g controls 

True 

G4/C4: When challenged with “G”/”C”  in microgravity, E. coli cells ATCC 4157 
will have reduced lag phases compared to matched 1g controls 

Undetermined 

G5/C5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) 
inhibitory concentrations of “G”/”C” 

True 

G6/C6: There is a correlation between population growth dynamics, cell size, and 
cell envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to “G”/”C” 

True 
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Figure 31. Evolution of knowledge diagram with conclusion and hypotheses derived from 
this thesis work.  
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8.2 THESIS CONTRIBUTIONS 

 
 This thesis’ contributions can be summarized as follows: 

1. Reproduced previous spaceflight results that bacteria were able to grow in inhibitory 

levels of antibiotic. 

– Validation of earlier observations presented in (Tixador et al., 1985; Moatti et 

al., 1986; Lapchine et al., 1986; Tixador et al., 1994; Gasset et al, 1994; 

(Menningham and Heise, 1994; Klaus, 1994; Kacena and Todd, 1999; 

Juergensmeyer et al., 1999). 

2. Provided data that corroborates the extracellular environment model 

– Stimulated acid response “almost proves” the theory that byproducts 

accumulate in the extracellular fluid environment presented in (Klaus, 1994). 

– Up until now, this had proved unachievable through physical (Owen et al., 

2002), and computational modeling (Benoit et al., 2008), but is clarified via 

overexpressed genes associated with acid resistance (this work). 

3. Observed that E. coli cell size was decreased in space 

– This unexpected smaller cell size observed in space cultures translates into 

smaller cell surface area which reduces target size for antibiotics. 

4. Characterized stimulated metabolism may explain in part why bacteria tend to grow 

better in space 

– Also suggests potential means for improving bioengineering processes 

5. Gene expression data suggests that reduced bacterial susceptibility to antibiotics in 

space is not due to increased drug resistance (a microbial defense response), rather 

due to a decrease in antibiotic molecule concentration around the cell (a 

microgravity biophysical mass transport effect). 
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6. The up-regulation of suicide genes in space without their regulator being 

overexpressed may present a novel target against drug-resistant pathogens on 

Earth. 
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CHAPTER 9 

RECOMMENDATIONS 

9.1 FOR INVESTIGATORS STARTING SPACE-BASED RESEARCH  

Spaceflight places challenges on research that are best addressed during early 

experiment design. It is recommended to use low-biosafety level organisms (eases the flight 

safety-related processes) and, depending on the scientific objectives, to keep bacterial 

motility as a strain selection criterion. Similarly, it is suggested to use non-toxic, and non-

hazardous materials to the extent possible (again, to keep safety-related processes as 

simple as possible). The experiment should be planned to minimize the impact of the delay 

between sample preparation and experiment start (due to payload integration into the 

spacecraft/launch vehicle, potential launch delays, initiation of operations after reaching 

space, etc.). This can be achieved by maintaining the organisms in stasis, either by 

temperature (if power and temperature regulation are available to the organism habitat), 

or by maintaining it in a medium without a source of glucose or metabolic energy, if 

possible. Given the limitation on up-mass, it is also recommended to prioritize sample 

replicate number over amount of testing conditions to enable statistically significant 

results.  

Ideally, scientific assays should be conducted in space; however, this is difficult to 

achieve. To avoid potential re-adaption of the organism to 1g, the next best solution is to fix 
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the samples in space as soon as the experiment has been completed. Researchers should 

also keep in mind what assays and protocols will be conducted on Earth and choose their 

fixative accordingly. Researchers should consider the use of a 1g centrifuge in orbit to 

assess the roles of gravity and radiation on their dependent variables. The use of 

standardized protocols are recommended to make the spaceflight results available and 

compatible to other investigations on Earth. 

9.2 FOR NEXT RESEARCH STEPS 

It is encouraged that cellular envelope investigations are continued, as it has been 

proved that changes on the bacterial cell envelope are correlated with antibiotic resistance 

here on Earth (Sieradzki & Tomasz, 2003), and a literature review and analysis showed 

that conclusive data hasn’t yet been produced. These new investigations should include -

omics types of analyses, e.g. transcriptomics and genomics, to elucidate the mechanisms 

behind the observed changes in space. It is also recommended that the role of fluid behavior 

be closely studied by the use of liquid medium and agar in a parallel and synchronous 

fashion.  

The analysis conducted on the AES-1 experiment identified correlations between 

gene expression and phenotypic expression. Future studies should test these correlations to 

find actual causation and the different governing mechanisms behind the observed 

decreased susceptibility to antibiotics in space. 

When the complete data set of differential gene expression is available, a study to 

correlate cell aggregation to gene expression should be conducted. Another investigation 

that may be worth undertaking at that time is to assess if there is a correlation between the 

differential regulation of genes associated with cell signaling (for quorum sensing), e.g. 

wrbA, and the phenotypic observations.  
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APPENDIX 1 - E. COLI GROWTH PROCEDURE 

The most basic experimental activity related to this thesis was the growth of 

bacteria in the laboratory.  Some of the common denominators throughout the experiments 

are: 

• Incubated at 30°C. 

• E. coli grown in 1X Medium E with 5 g/L glucose as growth medium.  

There are four steps to the growth of bacteria: 

A. Preparation of growth media 

B. Inoculation 

C. Growth of individual cultures and concentration measurements 

D. Data analysis 

Preparation of Growth Medium 

Medium E at a 50X concentration, described by (Vogel & Bonner, 1956), must be 

prepared in a clean beaker as per Table 18.  

Table 18. ME minimal growth medium constituents. Constituents and their required 
amounts to produce 100 mL of 50X Medium E (Vogel & Bonner, 1956). 

Component Amount 

 1.0 g 

Citric Acid  10.0 g 

 50.0 g 

 
17.5 g 

Distilled Water 67 ml 

 

MgSO4 ⋅ 7H2O

⋅H2O

K2HPO4 ⋅anhydrous

NaNH4 HPO4( ) ⋅ 4H2O
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The amounts described above of each of the constituents produce 100 mL of 50X 

Medium E. For mixing, it is recommended to use a magnetic stirrer, as the 50X solution is 

highly viscous. The salinity of this highly concentrated solution impedes bacterial growth, 

thus there is no need for sterilization at this stage. However, 0.1 mL of chloroform can be 

added to the 100mL of solution as a preservative. During the experiments presented in this 

thesis no chloroform was used.  

 

In a separate, clean container, a 5 g/L solution of glucose in distilled water is 

prepared. This solution is used to dilute the 50X Medium E solution to a 1X concentration. 

The amount of glucose solution needed to conduct this dilution can be calculated from the 

dilution equation: 

 

C!V! = C!V! 

 

Where C is concentration, V is volume and the 1 and 2 subindexes differentiate two 

different states of the solution. For example, if 250 mL of 1X Medium E wants to be 

produced, then the amount of 50X solution can be calculated as follows: 

V! =
C!
C!
V! =

1
50

∙ 250  mL = 5.0  mL 

 

This means that the final solution will consist of 5 mL of 50X Medium E and 245 mL 

of dilutant solution. The amount of glucose is calculated based on the total, final volume, 

i.e. 250 mL: 

 

5 g L . 250  L = 1.25  g 
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At this point there are two different vessels: one containing 5 mL of 50X Medium E 

and a second with 1.25g of glucose in 245 mL of distilled water. These two containers are 

then autoclaved and finally, mixed. Manual stirring for two or three minutes is enough to 

achieve a homogeneous solution. 

Several growth media will be tested for B. subtilis and S. aureus. A growth medium 

will be selected based on the criteria: 1) ensure non-motility and certainty of metabolic 

byproducts and 2) provide a growth rate that permits clear distinctions between the phases 

of growth. Both of these bacteria will be tested in Medium E, produced as detailed in this 

chapter. B. subtilis will also be grown in M9 minimal medium as in (Fuhrer, Fischer, & 

Sauer, 2005; Tännler, Decasper, & Sauer, 2008). 

Inoculation 

Several screw-capped, 9 mL Pyrex® 9825 test tubes were used for individual 

cultures. If the bacteria were originating in a solid state, a medium transition batch would 

be grown to allow the cells to adapt to the new medium. Otherwise, the test tube containing 

the bacteria in 1X Medium E, here referred to as “Continuity batch”, would be stirred until 

appearing homogeneous and placed in an incubator at 30°C for 12 hours. Actually, the 

Continuity batch was always maintained at that temperature and refreshed with Medium 

E as necessary. Then, a small amount (<0.5 mL) of the continuity batch would be 

transferred into a 9.0 mL test tube and then this container would be filled to the top with 

1X Medium E – this is referred to as the “Grandmother Culture”. The date, time and 

temperature would then be recorded and the test tube labeled accordingly. All cultures 

were maintained in an incubator to control the temperature to avoid the introduction of 

other confounding factors. 
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Growth of individual cultures and concentration measurements 

When the Grandmother culture reached its mid-exponential phase (𝑂𝐷!"" ≈ 0.3 or 

~12 hours)(Benoit et al., 2008), its vessel was stirred until the content was homogeneous in 

color. Then, a sample was taken from it to be placed on a hemocytometer on the microscope 

and/or place in a 96 well, flat bottom, plate in a Spectrophotometer ran at 600 nm. If using 

a Spectrophotometer, liquid was filled until the surface was flushed to the well’s top, trying 

to minimize surface concavity/convexity. If the concentration in the grandmother culture 

was measured with a hemocytometer, then this was accomplished by counting the number 

of cells in five different quadrants of the hemocytometer as seen in Figure 32. 

 

Figure 32. Used quadrants in hemacytometer. 

Each of the quadrants in a red square is 0.2 mm in side and 0.100 mm in depth, thus 

containing a volume of 4.0×10!!mL. This volume allows to calculate the concentration in 

the solution: each cell observed within this quadrant is then equivalent to a 2.5×10! cell mL.  

If a Spectrophotometer was used, the Grandmother culture’s cell concentration was 

calculated with the an OD vs. cell concentration equation developed from data points 

acquired in the lab following the procedure indicated in this chapter. After the 
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concentration in the mother culture had been either measured or calculated, the series of 

cultures can start to be prepared. For this purpose, the following equations are used 

Number of individual cultures to be grown: 𝑎 

Volume of each culture:  𝑏 (mL) 

Total amount of volume needed 𝑐 where  

𝑐 = 𝑎 ∙ 𝑏 

Desired initial concentration: 𝑐𝑐! 

Needed amount of cells for total volume 𝑒 where  

𝑒 = 𝑐 ∙ 𝑐𝑐! (cells) 

Concentration of mother culture  𝑐𝑐! 

Volume of mother culture needed to acquire e amount of cells  𝑉! where  

𝑉! = !
!!!

  (mL) 

Volume of 1X Medium E with 5 g/L glucose needed to achieve c, 𝑉!:  

𝑉! = 𝑐 − 𝑉!   (mL) 

For example, if ten individual cultures want to be started (a = 10) in 10 mL test 

tubes (b = 10  mL) then 100 mL (c = 10 ∙ 10mL = 100mL) of total volume will be needed. If 

the desired initial concentration of these cultures is cc! = 1×10! cell mL then 1×10! cells 

(e = c ∙ cc! = 100  mL   ∙ 1×10! cell mL = 1×10!cells) will be needed. If the concentration on the 

mother culture was calculated to be 1.01×10! cells mL then the volume of mother culture 

needed to create these cultures is 1.01 mL V! = !
!!!

= !×!"!!"##
!.!"×!"!!"## !"

= 0.99  mL . Finally, the 

volume of dilutant (1X Medium E with 5 g/L glucose) can be calculated to be V! = c − V! =

100  mL − 0.99  mL = 99.1  mL . Grandmother cultures were diluted trying to achieve a 

cc! = 6.75×10! cell mL starting concentration. 
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The required amount of mother culture and of 1X Medium E with 5 g/L glucose were 

then introduced into a sterile Erlenmeyer where it could be thoroughly stirred prior to 

distributing it to the individual test tubes. The amount of air was minimized in the test 

tubes and constant in size along all test tubes. These test tubes are screw-capped and don’t 

allow for air to leak through. The cultures were placed in an incubator at 30°C and the 

activation time was recorded. The tubes were not disturbed to allow the cells to freely 

sediment. On an hourly basis, or as required, one test tube was removed from the 

incubator, shaken and stirred to make the solution homogeneous and a sample placed on 

the hemocytometer and/or Spectrophotometer. After taking that sample, the rest of the 

contents of the test tube were discarded. The OD/concentration values were recorded for 

data analysis. 
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APPENDIX 2 - AES-1 TIMELINE 

Table 19. AES-1 detailed timeline. All dates and times are MDT. Dates are in the mm/dd/yy 
format. The 24-hour time format is used for time. FPA = Fluid Processing Apparatus. ETC 
= Environmental Test Chamber. CGBA = Commercial Generic Bioprocessing Apparatus. 
GAP = Group Activation Pack. ISS = International Space Station. MELFI = Minus Eighty 
Degrees Laboratory for ISS.  

Environment Event Date Time 

Earth Preparation of growth medium  12/3/14  

Earth Flight-ready hardware parts received 12/3/14  

Earth Loading of growth medium in FPA Chamber A 12/4/14  

Earth Start of experiment hardware assembly 12/5/14  

Earth 
Preparation of PBS, paraformaldehyde, and RNA 
solutions 12/5/14  

Earth Breaking of RNA crystals 12/6/14  

Earth Confirmation of no-contamination in FPAs Chamber A 12/8/14  

Earth Culture of AES-1 E. coli batch 12/8/14  

Earth Inocula preparation 12/9/14  

Earth Loading inocula into FPA Chamber B 12/9/14  

Earth Preparation of Antibiotic Solutions 12/10/14  

Earth Loading antibiotic into FPA Chamber C 12/10/14  

Earth Shipping of all (flight and ground controls) to NASA 
Wallops 

12/10/14  

Earth Loading fixative to FPA Chamber D 12/12/14  

Earth GAP assembly 12/13/14  

Earth GAP pre-flight testing 12/14/14  

Earth Handover for launch 12/13/14 7:30 

Earth Planned Orbital CRS-1 launch 12/17/14  

Earth Actual Orbital CRS-1 launch 9/1/14 11:07 

Space Cygnus berths to ISS 12/1/14 3:55 

Space CGBA transferred from Cygnus to ISS 13/1/14 8:25 

Earth GAPs placed on Clinostat in ETC. ETC starts to ramp 
up to 30C (similar profile to CGBA2) 

13/1/14 13:25 

Space Inoculation 14/1/14 9:40 
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Space AB introduction 14/1/14 4:55 

Earth Inoculation 14/1/14 14:40 

Earth AB introduction 15/1/15 9:55 

Space Fix. Introduction 15/1/15 11:05 

Space Insertion in MELFI 15/1/15 11:30 

Earth Fix. Introduction 16/1/14 16:05 

Earth Storage into Freezer 16/1/14 16:30 

Earth SpaceX-3 Splashdown 5/18/14 3:00 

Earth SpaceX-4 Splashdown 10/25/14 13:38 
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APPENDIX 3 - AES-1 TEMPERATURE PROFILES 

 

Figure 33. AES-1 flight and ground control temperatures. 



 139 

APPENDIX 4 - PAPERS PRODUCED FROM THIS WORK 

Journal Papers 

1. Zea, L., Prasad, N., Levy, S., Larsen, M., Qvortrup, K., Moeller, R., Stodieck, L., Klaus, 
D., Phenotypic and Gene Expression Changes in E. coli Challenged with Antibiotics 
during Spaceflight, (in work) 

2. Zea, L., Stodieck, L., Klaus, D., Changes in E. coli growth and cell size under simulated 
reduced levels of gravity, (in work) 

3. Zea, L., Antibiotic Activity and Bacterial Cellular Envelope Investigations in Space, (in 
work) 

4. Zea, L., Microbiological Experiments Onboard CubeSats, (in work) 
 

Conference Papers 
5. Zea, L., Microbiological Experiments Onboard CubeSats – A Review and Prospects, IAA-

BR-14-13-03, 1st Latin American IAA CubeSat Workshop, Brasilia, Brazil, December 8-
11, 2014 

 
Conference Abstracts and Posters 

6. Zea, L., Stodieck, L. and Klaus, D., Preliminary Results of the Antibiotic Effectiveness in 
Space-1 (AES-1) Experiment Conducted Onboard ISS, ASGSR Conference, Pasadena, 
CA, October 22-26, 2014 

7. Zea, L., Stodieck, L. and Klaus, D., The First Fifty Years of Bacterial Growth and 
Antibiotic Effectiveness Research in Space, ASGSR Conference, Pasadena, CA, October 
22-26, 2014 

8. Zea, L., Stodieck, L., Klaus, D.M., Bacterial Growth and Susceptibility to Antibiotics in 
Simulated Reduced Levels of Gravity, ASGSR Conference, Orlando, FL November 3-8, 
2013 

 
Technical Presentation, Seminars & Workshops 

9. Zea, L., Space Life Sciences and Antibiotic Effectiveness in Space, HudsonAlpha 
Seminar, HudsonAlpha, Huntsville, AL, Oct 30, 2014 

10. Zea, L., Space-Based Life Sciences Research and its Benefits to the General Public, 
Icelandic Academy of Sciences, University of Reykjavik, Iceland, August 11, 2014 
(invited) 

11. Zea, L., Bacteria in space: Statistical facts of the first 50 years of research and an 
experiment currently being conducted onboard ISS, German Aerospace Center’s (DLR) 
Institute of Aerospace Medicine Seminar, Cologne, Germany, July 22, 2014 

12. Zea, L., Characterization of Gravity’s Influence on Mass Transport Phenomena and its 
Impact on E. Coli’s Behavior and Susceptibility to Antibiotics, BioFrontiers Seminar, 
University of Colorado, Boulder, February 13, 2013 

13. Zea, L., Spaceflight Bacteria-related Phenomena and their Implications on Astronaut 
Health, Gravitational Biology Seminar, German Aerospace Center, Cologne, Germany, 
May 8, 2014 

14. Zea, L., Some of BioServe’s Flown Payloads to Space – From Cells to Mice, Astrobiology 
Seminar, Institute of Aerospace Medicine, DLR, Cologne, Germany, May 28, 2014 



 140 

15. Zea, L., Student European Low Gravity Research Association, German Aerospace 
Center, Cologne, Germany, July 4, 2014 

 

  



 141 

APPENDIX 5 - LIST OF AES-1 DIFFERENTIALLY EXPRESSED GENES 

List of differentially expressed genes in the 25 µg/mL samples.  
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List of differentially expressed genes in the 50 �g/mL samples.  
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List of differentially expressed genes in the 75 �g/mL samples.  
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