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Abstract
Contrary to popular belief, bacterial virulence does not
decrease in response to the microgravity of space. In fact,
recent evidence indicates increased Salmonella virulence in
response to modeled microgravity. It is possible that bacteri-
al growth, virulence, resistances to stress and antibiotics, and
cell survival may change in response to microgravity. A high
aspect rotating vessel (HARV) bioreactor has allowed us to
analyze bacterial physiology in a modeled microgravity envi-
ronment. Researchers are attempting to identify changes in
bacterial (E. coli) physiology and the corresponding changes
in gene transcription and regulation, using DNA macroarray
technology, to the low-shear modeled microgravity
(LSMMG) environment experienced in HARV bioreactors.
Potential changes are being analyzed in antibiotic and stress
resistances in response to LSMMG.

A number of LSMMG regulated genes have been identi-
fied that respond in a significant way. These include genes
that are substantially up-regulated as well as those that are
down-regulated. Although many are genes of unknown func-
tion, a number have known or putative functions. Among the
up-regulated genes are those associated with cell motility,
acid tolerance response, and the chaperone hdeA. In contrast
to previously published results in Salmonella, little variation
in antibiotic and stress resistance has been identified in E.
coli grown in LSMMG. Preliminary results indicate that the
modeled microgravity and not low-shear are inducing the
changes in LSMMG gene transcription. Research with
HARV grown cultures is continuing to verify the modeled
microgravity induced gene regulation and determine gene
regulators and physiological responses to LSMMG.

THE ABILITY TO ADAPT TO ADVERSE ENVIRONMENTS IS

extremely important to pathogenic bacteria such as E.
coli. An entirely unique environment is the micro-

gravity experienced by bacteria during 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 study showed
that Salmonella enterica serovar Typhimurium grown under
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low-shear modeled microgravity (LSMMG) appeared to have
increased virulence potential in a murine model system.3 A
follow-up study revealed that a significant number of the
genes are transcriptionally regulated in response to LSMMG.
Researchers identified increased resistance to antibiotics and
low pH.4 In addition to immediate changes in behavior, bacte-
rial strains will possibly evolve during long-term space flight,
potentially modifying virulence, resistances, and rate of cul-
ture survival. Our goal is to develop a more general and deep-
er 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
rotation of the HARV also has the effect of randomizing the
gravity 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, completely filled, thereby prevent-
ing 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 cul-
tures) under aerobic conditions. The 1 × g control HARV is
treated in a manner identical to the LSMMG HARV (no bub-
bles, same rotation speed), but the angle of rotation is per-
pendicular to gravity, allowing the effects of gravity to act on
the culture. Proteomics, analysis of media composition dur-
ing growth, post-LSMMG resistances (antibiotic, stress), and
molecular biology techniques are being employed for com-
parison to the functional genomic results for further identifi-
cation and elucidation of the genes and operons regulated by
LSMMG. A number of over-expressed LSMMG genes and
gene knockouts in E. coli will be used to further elucidate
their roles in modeled microgravity transcription and growth.
These methods of analysis are being repeated in cultures
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FROZEN AT -70°C—Dr. Tucker withdraws RNA sam-
ples from refrigeration for use in expression studies.
Samples are kept at the coldest temperature (-70°C) to
maintain their integrity.

INSTRUMENTATION—Estimates are that it takes $1
million for a university to equip a research laboratory in
its initial stages. Scientists expend considerable time writ-
ing proposals to gain local and federal funding.

RESEARCH—Don Tucker, a member of the biological/biochemistry research team, studies the virulence of bacteria
in the vacuum of space. Formerly a UH Post-Doctoral Aerospace Fellow, Dr. Tucker assumed full-time research activ-
ity in June 2004 in the NASA-JSC microbiological laboratories.
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grown in complete Luria-Bertani (LB) media and under
anaerobic conditions.

Results
Our analysis of the E. coli LSMMG culture physiology has
encompassed growth rate, final culture yield, cell morpholo-
gy, length of lag and exponential phases, media composition,
and stress survival. Interestingly, little change in culture phys-
iology has been observed between the LSMMG, 1 × g, and
static cultures. Only when comparisons are made to 250 rpm
shaken cultures are there significant differences. The shake
flask cultures exhibit an increased growth rate and greater
final culture density compared to the other cultures. To an
extent, this was expected because of the increased aeration,
availability of nutrients, and removal of wastes present in the
shaken cultures. An overall oxygen content decrease in aerat-
ed HARV culture media was identified in conjunction with
increased culture density, but a significant and likely suffi-
cient level of oxygen was maintained for continuous aerobic
growth. Additionally, growth in LSMMG has been found to
have little effect on the ability of E. coli to survive a number
of post-LSMMG stresses (antibiotics, acid, base, osmotic,
heat, and free radicals) compared to 1 × g HARV control.

Expression studies conducted on E. coli grown under
LSMMG revealed a substantial number of genes that were
either up-regulated or down-regulated relative to controls in
replicate experiments. While the majority of these genes are
currently of unknown function, some of the genes with
increased transcription in response to LSMMG are involved
in the E. coli acid tolerance response system (transcriptional
gene regulators [yhiE, yhiF] and the chaperone [hdeA]), or
are involved in cell motility (many flg and fli genes). The yhi
and hde genes identified are possibly involved in a general E.
coli stress response system which is also activated by
LSMMG. These identified changes in bacterial LSMMG
gene expression could lead to increased cell survival, viru-
lence, and antibiotic resistances, indicating serious potential
problems during long-term space flight.

Although growth in the HARV bioreactor has a significant
effect on bacterial gene expression in multiple strains, it
remains to be determined to what extent the effects seen cor-
relate with the different properties of the HARV environ-
ment. Preliminary results indicate that transcriptional regula-
tion is induced by modeled microgravity (i.e., randomized
gravity vector) of the HARV and not the low-shear fluid
effects present in the rotating bioreactor. This question is
being addressed by growing E. coli cultures in HARVs with
various perturbed solution flows within the vessels. This per-
turbation of the low-shear phenomenon has, so far, been
achieved through the addition of a small non-spherical plas-
tic bead to the HARV culture media. Small air bubbles will
be introduced into the HARV. Functional genomic analysis of
these perturbed (i.e., shear) samples are helping to separate
the low shear effects from the randomized gravity vector
(modeled microgravity) present in the HARV.

It is interesting to note that while Salmonella and E. coli
are closely related, there is limited comparability between the
LSMMG expressed genes reported in Salmonella4 and those

we have identified in E. coli. The reasons for these differ-
ences in gene expression are currently unknown and will
require additional research.

The post-LSMMG stress results also differ between E. coli
and Salmonella.4 In this regard, it will be of special interest to
replicate the media (already in progress) and other environ-
mental conditions used in the earlier Salmonella work as
exactly as possible in order to increase the comparability of
the results. In addition, the LSMMG environment will be
extended to the Gram-positive, spore forming bacterium
Bacillus subtilus.
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DNA—Dr. Mark Ott checks results
in the genetic analyzer that se-
quences DNA. The equipment identi-
fies genus and species of bacteria.

MICROGRAVITY—Dr. Don Tucker
utilizes high aspect rotating vessels
designed for modeling bacteria in a
microgravity situation.

FINGERPRINTS—The computer
screen shows DNA fingerprints from
bacteria isolated aboard the
International Space Station.

DNA SEQUENCING—In the Microbiology Laboratory at the Johnson Space
Center, NASA scientists engaged in sequencing DNA from fungus and bacte-
ria. Above are Victoria Castro, microbiologist (l.) who focuses on environ-
mental lead and Sondra Fontenot, microbiologist (r.).

PROJECT—Crystal Kalk, senior at
Clear Creek High School, conducts
research at the nation’s finest labora-
tory near her home school.
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