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Abstract—The space environment is characterized by microgravity and high background
radiation. The absence of gravity produces low shear environments, which likely result in
microorganisms having difficulty in removing themselves from immediate surroundings that
have been nutrient depleted and which have received waste products. In order to adapt to life
in a low shear world, bacteria likely express different combinations of genes than they do in
more usual laboratory environments and may ultimately make evolutionary adaptations as well.
Thus, a particular bacterium may exhibit properties such as antibiotic resistance, biofilm forma-
tion, or virulence that are not generally associated with it. For example, recent evidence indicates
increased Salmonella virulence in response to modeled microgravity. Changes in physiology, gene
transcription and regulation are being examined in Escherichia coli cells grown in the low-shear
modeled microgravity environment (LSMMG) found in a high aspect rotating vessel (HARV).

Aerobic LSMMG cultures were grown in rich (LB) and minimal (MOPS + glucose) medium
with a normal gravity vector HARV control. Reproducible changes in transcription were seen
but no direct response to changes in the gravity vector identified. Instead, absence of shear and
a randomized gravity vector appeared to cause local extra-cellular environmental changes, which
elicited reproducible cellular responses. In minimal media, the majority of the significantly up-
or down-regulated genes of known function were associated with the cell envelope. Conversely,
in rich medium the majorities of genes were LSMMG down-regulated and involved in transla-
tion. Comparison with earlier studies of Salmonella enterica serovar Typhimurium conducted
under similar growth conditions revealed essentially no similarity in genes that were significant-
ly up- or down-regulated. Given the substantial overlap in gene content between these closely
related organisms, this result clearly demonstrates that different organisms may dramatically
differ in their responses to medically significant low-shear and space environments.

George Fox
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THE ABILITY TO ADAPT TO ENVIRONMENTAL CHANGE IS

extremely important to bacteria. As a result most free-
living organisms can adapt to survive in a variety of

environments. Such adaptation is facilitated in the short-term
by changes in the types of genes expressed and the relative
levels of expression. For example, Escherichia coli can use
nitrite as a terminal electron acceptor and thrive under anaer-
obic conditions. In the long-term, evolutionary changes may
occur as well. In principle, complete knowledge of the genes
carried in an organism’s genome and how they are regulated
would be sufficient to anticipate the full range of possible
responses that can be elicited from any organism. Although
genomics has largely identified the genes, it is not always
clear what the gene products actually do. The regulatory
information is to a significant extent unknown. Thus, even an
intensively studied organism may respond to novel environ-
ments in unanticipated ways. One such environment is the
low shear-high radiation background environment encoun-
tered in space flight.

A large body of whole-organism-based research has
demonstrated that prolonged exposure to microgravity has
significant effects at a basic, cellular level.1 The analysis of
bacteria under microgravity has received considerably less
attention because of the expense and difficulty of performing
in-flight experiments onboard the shuttle or space station. In
order to overcome this limitation, investigators have taken
advantage of the partial simulation of microgravity obtained
by growing bacterial cultures in High Aspect Rotating Vessels
(HARV) developed by NASA.2 For example, a recent study3

showed that Salmonella enterica serovar Typhimurium grown
under low-shear modeled microgravity (LSMMG) appeared
to have increased virulence potential in a murine model system.
A follow-up study4 revealed that a significant number of the
genes are transcriptionally regulated in response to LSMMG.
Increased resistance to antibiotics and low pH was also iden-
tified.4 Our goal is to develop a more general and deeper
understanding of LSMMG on bacterial gene expression.

Technical Plan and Equipment
The HARV bioreactor was originally developed to minimize
fluid motion for tissue culture differentiation, while maintain-
ing culture aeration through a gas permeable membrane. The
HARV’s rotation also has the effect of randomizing the grav-
ity vector by rotating in the plane of gravity, producing the
LSMMG environment. To obtain this environment, the
HARV device is rotated at a speed sufficient to maintain cell
suspension in the media and completely filled, thereby pre-
venting gas bubbles from causing solution turbulence (i.e.,
shear). The HARV apparatus approximates the physiological
and transcriptional changes occurring in space flight due to
microgravity, while allowing Earth-based culturing. Used in
conjunction with commercially available functional genomics
technology (Panorama Gene Arrays, Sigma-Genosys), the
HARV makes it possible to study microbial gene expression
on a genome-wide basis under LSMMG.

Experimental Activity
The availability of the complete genomic sequence, commer-
cially produced genomic arrays, and the well-characterized
knowledge of its metabolism and gene regulation, led to the
choice of E. coli as our first model system for the initial bac-
terial functional genomic (gene expression) analysis in
LSMMG. Previously, we had compared mid-log LSMMG
gene expression in minimal glucose media with control cul-
tures (1 × g HARV, static flasks, and 250 rpm shaken cultures)
under aerobic conditions. The 1 × g control HARV is treated
identically to the LSMMG HARV (no bubbles, same rotation
speed), but the angle of rotation is perpendicular to gravity,
allowing the effects of gravity to act on the culture.
Proteomics, analysis of media composition during growth,
post-LSMMG resistances (antibiotic, stress), and molecular
biology techniques are being employed for comparison to the
functional genomic results for further identification and elu-
cidation of the genes and operons regulated by LSMMG.

These methods of analysis are being repeated in cultures
grown in complete (LB) media and under anaerobic condi-
tions. Future work will look at long term adaptation as well.
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Results
The primary differences between the LSMMG environment
and the control are the randomized gravity vector and low
shear present in LSMMG. In attempting to interpret the dif-
ferences seen, one must consider that they might be due to
either or both of these factors or as an indirect effect of one or
both. In minimal MOPS medium, chemotactic and flagellar
genes as well as genes involved in the acid tolerance response
were up-regulated in LSMMG.

It is attractive to theorize that the LSMMG up-regulation of
flagellar and chemotactic genes in minimal medium is related
to a cellular requirement for relocation away from zones of
local nutrient depletion and excreted waste hypothesized to
occur in the low mixing environment of space.5 Although an
enticing hypothesis, the presence of these zones in HARV-
produced LSMMG and the determination whether or not E.
coli MG1655 is responding to these zones by up-regulating
flagellar and the chemotactic genes requires further study.

The majority of minimal medium LSMMG down-regulated
genes are involved in metal or drug transport, cell lysis, or in
regulating cellular stress responses, which alludes to the
importance of the cell envelope in regulating the LSMMG
response in minimal medium grown E. coli MG1655. More

generally, all of the LSMMG up-regulated genes and a major-
ity of the down-regulated genes of known function are pres-
ent in or involved with regulation of the cellular envelope.
This suggests that the cell envelope is superlative in sensing
changes in its local environment and able to respond rapidly
to the changes in multifaceted ways. Future time course stud-
ies of the LSMMG response to minimal media in cells
preadapted to the HARV control environment may allow
detailed study of how the genes involved are coordinated.

S. Typhimurium is an evolutionarily very close relative of
E. coli. Its response to LSMMG had been studied previously.4

In fact, the majority of the E. coli MG1655 LSMMG up- and
down-regulated genes have homologues or orthologues in S.
Typhimurium. We therefore reduced the statistical stringency
of our analysis so that a direct comparison could be made
with the Salmonella results of these earlier studies. A greater
number of genes were down-regulated rather than up-regulat-
ed in both organisms under a rich medium condition. In addi-
tion, many of the genes that responded to LSMMG conditions
were clustered in known or likely operons. However, when
individual genes were intercompared, it was abundantly clear
that the vast majority of genes affected by LSMMG in E. coli
MG1655 and S. Typhimurium were not affected in the same
manner in the other organism. S. Typhimurium may be
responding to LSMMG by activating genes involved in path-
ogenicity and adhesion in an attempt to promote colonization
in the low-shear environment. E. coli MG1655 is a commen-
sal that lacks many of the genes associated with pathogenesis
in S. Typhimurium; hence, adhesion in preparation for colo-
nization is apparently not its preferred response to LSMMG.
Thus, the dramatically different response to LSMMG observed
between E. coli MG1655 and S. Typhimurium emphasizes
that different species can respond to LSMMG in very differ-
ent ways. This is a frustrating conclusion for those seeking to
ascertain what the effect of exposure to low-shear or the space
environment will be for microorganisms in general.

Bacteria, having lived on the Earth for billions of years,
have not typically encountered microgravity; therefore, it
would seem unlikely that genes governing a direct response to
variations in gravity would have evolved. With specific refer-
ence to the LSMMG environment then, researchers would
anticipate that low-shear is more important in the bacterial
transcriptional response than as a direct effect of the random-
ized gravity vector. If there were a specific response to
changes in the gravity vector, these changes would likely be
seen regardless of growth condition. Based on the comparison
of LSMMG regulated genes in rich and minimal media, and
on preliminary studies under anaerobic growth conditions,
there does not appear to be such a generalized LSMMG
response system or gene in E. coli MG1655. This conclusion
is further supported by the absence of a strong correlation
with the responses seen in S. Typhimurium. Thus, the
response to LSMMG seen here is more likely a response to
conditions created by the loss of the gravity vector, e.g., low
shear, than to gravity itself.

BIOCHEMISTRY—Qin Zhao, a graduate student in
biochemistry, conducts research in Dr. George
Fox’s laboratory. Originally from Anhui, P.R.China,
she earned her B.S. degree in biochemistry at
Wuhan University.



NASA/UHCL/UH–ISSO Y2004 • 49

Acknowledgments
We would like to thank Dr. Yuriy Folfanov in the Department
of Computer Science at the University of Houston and the
various members of his group—Tong-Bin Li, Chetan
Belapurkar, Lulu Shi, R. Luo, and J. Wang—for their advice
and assistance in performing statistical analyses on the
microarray data.

References
1J. M. Jessup and N. R. Pellis, “NASA Biotechnology: Cell

Science in Microgravity,” In Vitro Cell Dev. Biol. Anim. 37
(2001): 61-63.

2T. L. Prewett, T. J. Goodwin, and G. F. Spaulding, “Three-
Dimensional Modeling of T-24 Human Bladder Carcinoma
Cell Line: A New Simulated Microgravity Culture Vessel,” J
Tiss Cult Methods 15 (1993): 29-36.

3C. A. Nickerson, C. M. Ott, S. J. Mister, B. J. Morrow, L.
Burns-Keliher, and D. L. Pierson, “Microgravity as a Novel
Environmental Signal Affecting Salmonella enterica serovar
Typhimurium Virulence,” Infect. Immun. 68 (2000): 3147-52.

4J. W. Wilson, R. Ramamurthy, S. Porwollik, M.
McClelland, T. Hammond, P. Allen, C. M. Ott, D. L. Pierson,
and C. A. Nickerson, “Microarray Analysis Identifies
Salmonella Genes Belonging to the Low-Shear Modeled
Microgravity Regulon,” Proc. Natl. Acad. Sci. U. S. A. 99
(2002): 13807-12.

5P. Todd and D. M. Klaus, “Theories and Models on the
Biology of Cells in Space,” Adv. Space Res. 17 (1996): 3-10.

Publications
Balan, S, J. C. Murphy, I. Galaev, A. Kumar, G. E. Fox, B.

Mattiasson, and R. C. Willson. “Metal Chelate Affinity
Precipitation of RNA and Purification of Plasmid DNA.”
Biotechnol. Lett. 25 (2003): 1111-16.

Larios-Sanz, M., K. D. Kourentzi, J. C. Murphy, K. I.
Maillard, D. L. Pearson, R. C. Willson, and G. E. Fox.
“Estudio de las Poblaciones Microbiologicas en el
Ambiente Espacial,” in Dianostico Molecular. JGH Editors
SA de CV, Mexico City, Mexico, 2003. 293-311

Tucker, D. L., F. Karouia, J. Wang, Y. Luo, T. B. Li, R. C.
Willson, Y. Fofanov, and G. E. Fox. “The Effect of an
Artificial RNA Marker on Gene Expression in Escherichia
coli,” Applied Environ Microbiol. (in press, 2005).

Tucker, D. L., C. M. Ott, D. L. Pierson, R. C. Willson, and G.
E. Fox. “Characterization of Escherichia coli MG1655
Grown in a Low-Shear Modeled Microgravity Environment.”
(Submitted to J. Bacteriology, March, 2005).

Presentations
Larios-Sanz, M., K. Kourentzi, Z. Zhang, R. C. Willson, D. L.

Pierson, D. L. Tucker, and G. E. Fox. “Molecular Tools to
Monitor Microbial Ecosystems During Long-Term
Exploration Class Missions,” Poster, 103rd General
Meeting of the American Society for Microbiology,
Washington, D.C., May 18–22, 2003.

Fox, G. E. “Signature Probes and the Design of Phylogenetic
Arrays,” Invited presentation, Cambridge Healthtech

Institute’s 11th Annual Nucleic Acid-Based Technology
Meeting, Baltimore, MD, June 3–4, 2003.

Fox, G. E., D. L. Tucker, R. C. Willson, C. M. Ott, and D. L.
Pierson. “Functional Genomic Analysis of E. coli in a Low
Shear Modeled Microgravity Environment,” 104th General
Meeting American Society of Microbiology, New Orleans,
LA, May 23–27, 2004.

Tucker, D. L., D. Zhu, G. W. Jackson, M. Anez, T. Cano, I.
DasGupta, A. Potty, F. Karouia, C. M. Ott, Y. Fofanov, D.
L. Pierson, R. C. Willson, and G. E. Fox. “Microbes in the
Spacecraft Environment,” Poster, Bioastronautics
Investigators’ Workshop, Galveston, TX, Jan. 10–12, 2005.

Fox, G. E., D. L. Tucker, R. C. Willson, C. M. Ott, and D. L.
Pierson. “Characterization of E. coli Grown in a Low-Shear
Modeled Microgravity Environment,” Invited Symposium
Presentation, Bacteria in Space, 15th Humans in Space
Symposium, Graz, Austria, May 22–25, 2005.

Funding and Proposals
Fox, G. E. and R. C. Willson. “Microorganisms in the

Spacecraft Environment,” NASA-Office of Biological and
Physical Research,” May 15, 2004–May 14, 2008,
$1,561,442 (current funding).

Fofanov, Y., R. C. Willson, and G. E. Fox. “Tools for
Ultraspecific Probe/Primer Design,” Homeland Security
Advance Projects Agency. May 1, 2005–Aug. 31, 2007,
$795,307. (Agency has selected for funding.)

Siefert, J., M. Travisano, G. E. Fox, Y. Folfanov et al.,
“Shared Genomic Resources in Prokaryotic Evolution,”
NSF-Frontiers in Biology Program, 5 years, $7,612,114
(pending).

Venkateswaran, K. and G. E. Fox. “Microbial Ecological
Perspectives of Space-Exposed Microbes: A Genetic
Approach,” NASA-Human Support Technology, April 1,
2005–March 31, 2008, $120,000 (not funded).

ENVIRONMENTAL STUDIES—Indrani Dasavpta, a
Ph.D. student in cellular and molecular biology,
earned her M.S. degree in environmental science
from the University of Calcutta in India.




