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Efficiency of E. coli

Cultures of Escherichia coli grown in space reached a 25% hig-
her average final cell population than those in comparably mat-
ched ground controls (p < 0.05). However, both groups cons-
umed the same quantity of glucose, which suggests that space
flight not only stimulated bacterial growth as has been pre-
viously reported, but also resulted in a 25% more efficient uti-
lization of the available nutrients. Supporting experiments per-
Jformed in "simulated weightlessness" under clinorotation pro-
duced similar trends of increased growth and efficiency, but to
a lesser extent in absolute values. These experiments resulted in
increases of 12% and 9% in average final cell population (p <
0.05), while the efficiency of substrate utilization improved by
6% and 9% relative to static controls (p = 0.12 and p < 0.05,
respectively). In contrast, hypergravity, produced by centrifu-
gation, predictably resulted in the opposite effect - a decrease
0f 33% to 40% in final cell numbers with corresponding 29% to
40% lower net growth efficiencies (p < 0.01). Collectively,
these findings support the hypothesis that the increased bac-
terial growth observed in weightlessness is a result of reduced
extracellular mass transport that occurs in the absence of sedi-
mentation and buoyancy-driven convection, which consequent-
ly also improves substrate utilization efficiency in suspended
cultures.
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1 Introduction

With a few exceptions [1, 2], most findings to date indicate that
microgravity stimulates the growth of bacterial cultures and
their production of byproducts. Numerous experiments have
shown that cultures grown in space experience a shorter lag
phase [3-6] and attain a final cell population that is significant-
ly higher than in comparable ground controls [5-10]. Similar
growth kinetics have also been reported for E. coli cultivated on
a clinostat, which simulates "functional weightlessness" on
Earth by minimizing the effects of sedimentation and convec-
tion through rotation [11]. In addition to these findings of
improved growth, recent space-flight experiments have also
shown that microbial and fungal cultures produce significantly
more antibiotics when compared with similar ground controls
[12, 13]. The underlying mechanisms responsible for these
changes remain largely unknown, however, and are the objecti-
ve of continued study.

In particular, it has not yet been determined whether these
observed increases in cell growth and secondary metabolite pro-
duction are accompanied by proportionally higher nutrient con-
sumption, or if space flight allows a more efficient use of an
equal amount of consumed nutrients. Previous studies investi-
gating nutrient consumption by cells on orbit produced incon-
clusive findings [1, 14, 15]. One experiment that examined bac-
terial metabolism found no difference in nutrient consumption
by E. coli on orbit [1]. However, contrary to most other investi-
gations, no difference was reported in bacterial growth in space
either. Therefore, it could not be feasibly determined if increa-
sed growth on orbit was accompanied by a corresponding incre-
ase in nutrient consumption. It has also been reported that
microgravity does not affect the metabolism of yeast [14]. In
contrast to these two findings indicating that the metabolism of
single cells was not affected by microgravity, another previous
study reported that 37% less glucose was consumed by human
embryonic lung cell cultures maintained on orbit when compa-
red with similar ground controls, with no other differences
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noted [15]. This suggested that the lung cells might have meta-
bolized glucose more efficiently in space.

It is proposed here that improved bacterial growth in space
results from the combined absence of cell sedimentation and
buoyancy-driven convection of the nutrient-depleted, reduced-
density fluid volume immediately surrounding the cell. These
phenomena are hypothesized to slow nutrient transport from the
bulk fluid into cells and to simultaneously permit greater con-
centrations of excreted byproducts to remain near the bacterial
cells in weightlessness. Increased final cell mass yields produ-
ced in fed-batch culture systems on Earth have been shown to
result from the slow addition of nutrients [16, 17]. In these
experiments, the gradual addition of nutrients was found to
minimize pH increases and prolong the growth phase, resulting
in higher final cell populations than were achieved in compara-
ble batch-grown controls. It has been hypothesized that the
enhanced growth observed in space may indirectly result in part
from a similarly slowed nutrient uptake rate as a consequence of
reduced fluid mixing [13]. In addition, since the presence of
certain excreted byproducts is also known to be beneficial to
bacterial growth, their increased accumulation around the cell in
a weightless environment may facilitate more efficient utiliza-
tion of available nutrients. This hypothesis is corroborated by
previous findings showing that an increased level of dissolved
carbon dioxide, a common bacterial metabolite, was beneficial
to bacterial growth [18] and induced a shorter lag phase prece-
ding the exponential phase of growth for many types of bacte-
ria [19]. It is postulated that a similar effect occurs on orbit as
follows. Because there is no density-driven sedimentation in a
weightless environment, cells do not "fall" away from their
excreted byproducts. Likewise, due to the absence of convec-
tion, excreted byproducts that surround each cell in a less dense
nutrient-depleted zone do not "rise" away from cells. This quie-
scence is proposed to reduce the transport rate of nutrient mole-
cules to the cell, and also allow beneficial excreted byproducts
to remain near the cell, which is believed to shorten the lag
phase and stimulate growth, resulting in a higher final cell
population than the ground controls.

The hypothesis was evaluated using three approaches- one
experimental set was cultured on orbit with corresponding, mat-
ched ground controls; and two separate sets of experiments
were performed in the lab; one using a clinostat to simulate the
quiescent fluid environment of space and another using a cen-
trifuge to create a 50g environment. Each of the lab experiments
included their own matched groups of static 1g controls. It was
hypothesized that cultures grown in microgravity (and simula-
ted microgravity) would not only achieve a higher final cell
population relative to their controls, as has been reported in pre-
vious experiments, but would also utilize available nutrients
more efficiently, resulting in a higher ratio of new cells per mass
of glucose consumed. In contrast, at 50g it was hypothesized
that the higher rates of convection and sedimentation would
more quickly separate "falling" cells from their lighter "rising"
byproducts accumulated in the less dense surrounding fluid.
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This was speculated to impair nutrient uptake by reducing ove-
rall access to the glucose available in the bulk solution as the
cells sedimented on the bottom and by inhibiting accumulation
of beneficial byproducts around the cells due to rapid separation
under the higher level of acceleration. These effects, in turn,
would reduce the final cell population, along with reducing the
ratio of new cells per mass of nutrient consumed, relative to 1g
controls.

2 Materials and Methods
2. 1 Cells and Media

All experiments used a minimal growth medium [20] supple-
mented with glucose to cultivate Escherichia coli (low-motility
original Escherich strain ATCC 4157). An inoculum concentra-
tion of 106 cells/ml was obtained from a saturated culture grown
without glucose to induce a lag phase upon inoculation.

2. 2 Supporting Hardware

As in earlier space experiments [6], E. coli were cultivated ana-
erobically in sterile glass barrels called FPAs (Fluids Processing
Apparatus, Fig. 1). Movable rubber septa were used to initially
confine and subsequently mix the fluids on orbit. For the flight
experiments, FPAs were contained in Lexan™ sheaths, which
provided a second level of containment. A third level of con-
tainment was provided by an automated Group Activation Pack
(auto-GAP), which was used to autonomously inoculate the cul-
tures by translating the septa in the FPAs 2.5 hours after launch.
The auto-GAP was placed in a Commercial Generic
Bioprocessing Apparatus-Isothermal Containment Module
(CGBA-ICM). The CGBA-ICM was installed into a shuttle
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Fig. 1. Each Fluids Processing Apparatus (FPA) included an inner glass barrel
with a fluid bypass (shown on the top of each FPA). Fluids were contained with

™ outer sheath. Prior to

moveable septa, and the FPA was housed in a Lexan
launch chamber A contained 3.5 ml of sterile growth medium, and chamber B
held 0.5 ml of inoculum. Inoculation occurred 2.5 hours after launch when the
contents of chamber B were injected into chamber A via the bypass in the glass

barrel.
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middeck-locker and provided the samples with temperature
control at approximately 24°C. The temperature set point was
dictated by other experiments contained in the CGBA-ICM, and
was found to provide adequate conditions for bacterial growth.

A clinostat was used to simulate "functional weightlessness".
The clinostat rotated horizontal, fluid-filled FPAs at 8 rpm along
their axis, which minimized the net effects of cell sedimentation
and buoyancy-driven convection of depletion zones in the
medium. As a result of the constant rotation, sedimenting bac-
terial cells and rising convection currents experience small cir-
cular motions, which are considered negligible when compared
with concurrent cell and byproduct displacement due to
Brownian motion. Therefore, clinorotation is considered an
approximation of the near-motionless state of microgravity [11].

Hypergravity experiments were conducted using FPAs placed
in an International Equipment Corporation Model HN-S centri-
fuge operating at 500 RPM to achieve an average acceleration
of 50 + 10g.

Cell population count was determined using a Bausch &
Lomb Spectronic 20 spectrophotometer (ODggo) calibrated
against microscopy cell counts measured in identical growth
medium. Glucose concentrations were determined by chroma-
tography using a Hewlett-Packard model 1090 HPLC with an
evaporative light scattering detector (gain = 8) calibrated with a
glucose standard. A YMC-Pack, Polyamine II, S 5-um-particle
column (250 x 4.6 mm) was used with a solvent system of water
and acetonitrile (1:3 by volume) and a flow rate of 1 ml/min.
The volume of each injection was 0.02 ml.

2. 3 Experimental Protocols

Space Flight: The flight experiment consisted of four samples
that flew on the STS-95 shuttle mission and four matched
ground control samples. In an attempt to minimize variables
between flight and ground, all eight samples underwent the
same handling, shipping and loading procedures. The inoculum
was kept initially isolated from the growth medium by movable
septa in the FPA. Chamber A contained 3.5 ml of sterile growth
medium with 7.8 g/l of glucose. Chamber B held the inoculum
of 8 x 106 cells/ml in growth medium without glucose (Fig. 1).
After the samples were loaded, all eight FPAs were shipped
together at 4°C from Boulder, Colorado to the Kennedy Space
Center. Forty hours before launch, the flight samples were loa-
ded on the shuttle in the CGBA-ICM, and the ground samples
were placed in an incubator, with both groups held at 24°C.
Approximately 2.5 hours after launch, the flight and ground-
control experiments were simultaneously initiated when a plun-
ger pushed the septa forward, allowing the inoculum to mix
with the growth medium via the FPA bypass. After dilution,
chamber A in the four ground and four flight samples contained
growth medium with 6.8 g/l of glucose and a starting concen-
tration of ~106 cells/ml, which continued to grow through lan-
ding nine days later.

Five hours after the shuttle landed in Florida, the flight and
ground-control samples were placed together at 4°C and flown
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overnight to Boulder, Colorado. The samples were shaken vigo-
rously to distribute the cells, and concentrations were measured
by optical density (ODgog). The bacteria were then removed
using a 0.22 pum filter and the supernatant samples were frozen
and shipped overnight to Bristol-Myers Squibb Pharmaceutical
Research Institute in Wallingford, Connecticut for blind gluco-
se analysis. The concentration of glucose in each sample was
subtracted from an average concentration of glucose in three
sterile samples from the same batch of medium saved before
launch. This difference gave the net mass of glucose consumed
by each bacterial culture. Statistical significance between expe-
rimental and control data was determined using the Student's
one-tailed #-test (p < 0.05).

Clinostat and Centrifuge: The clinostat and centrifuge experi-
ments were conducted independently from the flight experi-
ments with only minor differences in protocol. A separate glu-
cose solution was prepared for these experiments at 5.9 g/l,
which was 0.9 g/l less than that used on orbit. Control and expe-
rimental cultures for all clinostat and centrifuge tests had iden-
tical glucose concentrations of 5.9 g/l and these experiments
were not directly compared with the flight samples. In an effort
to ensure all matched sets of samples were identical, the cultu-
res were first inoculated in a single vial with 106 cells/ml and
then divided into varying numbers of experiment and control
FPAs to match the flight hardware and protocol as closely as
possible. After 50 hours of elapsed growth, samples were peri-
odically collected from the centrifuge, clinostat, and 1g controls
for interim analysis. Since the sampled FPAs had to be shaken
in order to be measured, they were removed from the experi-
ment at the time of collection.

3 Results

As summarized in Table 1, the four samples flown on STS-95
produced an average of 25% more cells than the four ground
controls (p < 0.05). After nine days of growth, the bacteria had
consumed all of the glucose in each of the eight (four flight and
four ground) samples. Therefore, the increase in bacterial
growth was not a direct consequence of more nutrients having
been consumed, rather apparently a result of more efficient uti-
lization of the nutrients available. Because the ground and space
samples ultimately consumed the same quantity of glucose, the
growth efficiency, measured by new cells/mg nutrient consum-
ed, also averaged 25% higher in space than in the ground con-
trols (p < 0.05). The ground controls were maintained close to
the desired temperature of 24°C, averaging 23.3°C during the
nine-day experiment. Due to a software problem experienced
with the payload on orbit, the flight samples went through peri-
odic temperature fluctuations with an average of 26.6°C bet-
ween inoculation and landing. However, multiple post-flight
sensitivity experiments performed using the flight and ground
temperature profiles as well as other profiles with average tem-
peratures between 20°C and 30°C indicated that these differen-
ces did not affect the final cell population or final glucose con-
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Table 1. Summary of Experimental Data. The table shows the percent change in
number of new cells, nutrients consumed, and ratio of new cells/mg of nutrient
consumed for all five experiments. Data was taken from the final sample time
during the stationary phase of growth. The n-values indicate the number of
independent samples collected from the experiment and 1g controls, respecti-
vely. The new cells/mg nutrient values are mean £ SD. Results indicate cultures
grown in space or on a clinostat produce more new cells, and do so more effi-
ciently than in 1g controls. In contrast, samples grown in hypergravity produ-

ced fewer cells, and required more nutrients per new cell than in control sam-

ples.
%A New | %A Nutrient New Cells [107)/mg Nutrient
Experiment | n-values Cells Consumed | Experiment  Control %A r
Space Flight | 4-4 25 0 14.140.81 | 11.3+1.40 | 25" [<0.05
Clinorotation 6-3 12 6 24.3+0.18 | 22.8+0.15 6 0.12
2-3 9' 0 234110 | 21.52720 | 9' | <0.05
Hypergravity 43 337 -6 16.3+0.05 | 22.8+0.15 | 29" | <0.01
33 -40' 0 12.940.40 | 21.5£7.20 | -40' | <0.01

I Indicates statistically significant compared to control (p < 0.05).

Table 2. Clinostat Experimental Data. Comparison of average new cells,
nutrient consumption, and growth efficiency of clinostat and control samples
for every sampling time during both clinostat experiments. The n-values indi-
cate the number of independent samples collected from the clinostat and 1g
controls, respectively. Results suggest clinorotation improves cell growth, resul-
ting in more new cells produced and more cells per nutrient consumed than in

1g controls.

New Cells/mg
Hours of %A New | %A Nutrient Nutrient
Growth | n-values Cells consumed %A p
1 58 32 1 7 8 0.36
71 63 12! 6 6 0.12
2 50 22 6 4 10 0.25
62 22 11 8 13 0.40
84 222 17 7 10 0.22
108 23 20! 0 19' | <0.05
171 23 9! 0 9! <0.05

1 Indicates statistically significant compared to control (p < 0.05).

centration [7].

The two similarly performed clinostat experiments produced
results comparable to the flight data, albeit with less significant
differences relative to their respective controls (Table 1). The
first experiment concluded after 71 hours of growth, when the
remaining samples were collected from the clinostat and static
controls. In this experiment samples cultivated on the clinostat
had 12% more new cells on average than the control samples (p
< 0.05), yet had only consumed 6% more glucose (p = 0.16).
This resulted in a 6% increase in bacterial growth efficiency as
measured by new cells/mg of nutrient consumed (p = 0.12). In
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Table 3. Centrifuge Experimental Data. Comparison of average new cells,
nutrient consumption, and growth efficiency of centrifuge and control samples
Jfor every sampling time during both centrifuge experiments. The n-values indi-
cate the number of independent samples collected from the centrifuge and 1g
controls, respectively. Results suggest hypergravity suppresses cell growth,
resulting in fewer new cells produced, and fewer cells per nutrient consumed

than in 1g controls.

New Cells/mg
Hours of | n-values | %A New | %A Nutrients Nutrient
Growth Cells consumed YA V4
1 58 23 35" -17 22 | 012
71 43 -33! -6 29" | <0.01
2 50 22 27" 22 -39 | 0.07
62 22 41" 2 40" | <0.01
84 22 42! 1 -42' | <0.05
108 33 41! 0 41" | <0.01
171 33 -40' 0 -40" | <0.01

1 Indicates statistically significant compared to control (p < 0.05).

the second clinostat experiment, the final samples were collec-
ted after 171 hours of growth. The bacteria in the two clinostat
and three control samples had consumed all of the available glu-
cose, yet the cultures subjected to clinorotation averaged 9%
more cells than the controls, resulting in a 9% higher ratio of
new cells per mass of consumed nutrient (p < 0.05). Additional
samples were periodically collected throughout both of the cli-
nostat experiments. As shown in Table 2, at all seven sampling
times during the two experiments, the cultures grown on the cli-
nostat had higher cell counts than the controls. In addition, for
six of these seven sampling times the ratio of new cells per mg
of consumed glucose was also higher in the clinostat samples.

In contrast to the space and clinostat experiments, the avera-
ge cell population and growth efficiency for the hypergravity
samples at 50g were consistently lower than those of their cor-
responding 1g controls. As summarized in Table 1, the final
samples from the first centrifuge experiment had a 33% lower
final cell population than in the controls, yet consumed only 6%
less glucose. This resulted in 29% reduced growth efficiency (p
< 0.01). In the second centrifuge experiment, no glucose remai-
ned in any of the samples, and the final cell population and
growth efficiency of the 50g cultures averaged 40% lower than
in the controls (p < 0.01). Similar results were found during five
other sampling times during both centrifuge experiments (Table
3). In all of the sampling times, the 50g cultures consistently
had a lower average cell population and reduced growth effi-
ciency than the control samples, with 12 of these 14 differences
being statistically significant (p < 0.05).

4 Discussion

The results from all three experiments (space flight, clinostat
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and centrifuge) further support the proposed hypothesis by esta-
blishing a systematic relationship between bacterial growth and
corresponding inertial environment. The physical mechanisms
suggested to be responsible for the observed increases in bac-
terial growth in a weightless environment - a combination of
decreased nutrient transport rate from the bulk fluid into the cell
and greater concentrations of excreted byproducts remaining
near the cell - are consistent with those hypothesized to similar-
ly govern the outcome under conditions of clinorotation and
hypergravity. Each experimental approach produced statistical-
ly significant differences in the average final cell population, as
predicted, for bacterial cultures subjected to various conditions
of inertial acceleration when compared with their respective 1g
undisturbed controls. Furthermore, the data also indicated diffe-
rences in the ratio of new cells/mg of consumed nutrient, which
suggests that inertial force may also affect the efficiency of sub-
strate utilization.

The flight experiment corroborated previous findings that
space flight stimulates the growth of E. coli, resulting in a hig-
her final cell population than in ground controls. More impor-
tantly, this experiment was the first investigation to establish
that the observed increase in population growth was not accom-
panied by a correspondingly proportional increase in nutrient
consumption, but was instead suggestive of more efficient bac-
terial metabolism.

The second set of experiments found that E. coli grown on a
clinostat resulted in similar growth kinetics to those of cultures
grown in orbit, as has been previously reported [11]. Again, in
addition to a higher final cell population being attained, an
increased ratio of new cells/mass of consumed nutrient was also
observed compared to the control samples. However, the rela-
tive differences were not as great in the clinostat samples as
they were for the space flight cultures, as could be expected,
since the simulated weightless environment is not as quiescent
as conditions experienced on orbit. Small accelerations due
mechanical vibration and/or varying rotation speeds prevent a
perfect simulation of actual weightlessness. These limitations
offer plausible rationale for the less significant increase in final
cell population and growth efficiency for the clinostat experi-
ments when compared with the results obtained on orbit. It is
also possible that some variations occurred due to unintended
differences in the experimental protocol between the clinostat
and space flight experiments; and it remains feasible that cellu-
lar stress, caused by the gravitational force that is continually
reoriented during clinorotation, might have affected growth for
the clinostat samples. However, given their small size, and uni-
form internal composition, it is unlikely that these different
inertial environments can act directly on cellular components
inside the bacterial cell [21].

The final set of hypergravity experiments conducted on a cen-
trifuge further supported the proposed hypothesis in showing a
predicted reversal of trends. In these studies, samples cultivated
at 50g had significantly lower average final cell populations as
well as lower efficiency of glucose utilization than in 1g con-
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trols. This was expected because the higher rates of cell sedi-
mentation and increased convection of depletion zones would
serve to more quickly separate cells from their excreted bypro-
ducts, some of which are beneficial to growth, and to reduce
overall access to nutrients remaining in suspension.

While not yet conclusively proven, collectively, these fin-
dings and their causal interpretations logically support the
hypothesis that the absence of sedimentation and convection
experienced on orbit, and reduced under clinorotation, allow
excreted byproducts to remain near the bacterial cells, which is
hypothesized to enhance metabolism as indicated by higher
final cell populations and improved substrate utilization effi-
ciency when compared to 1g controls. In contrast, hypergravi-
ty, which increases the rate of cell sedimentation and buoyancy-
driven convection in the medium, accelerates the separation of
cells from their excreted byproducts, thereby reducing the effi-
ciency of bacterial metabolism. These experiments further
affirm the probable underlying physical mechanisms by which
microgravity stimulates bacterial growth, and the results may
also eventually help to explain other observed effects of space
flight on microorganisms, such as reports of enhanced antibio-
tic production [12, 13] or reduced antibiotic effectiveness [22,
23]. Continued investigation into this topic is warranted.

References

1 Bouloc, P, D'Ari, R.: Escherichia coli Metabolism in Space. J. Gen. Micro-
biol., vol. 137, p. 2839 (1991).

2 Gasset, G, Tixador, R., Eche, B., Lapchine, L., Moatti, N., Toorop, P, Wold-
ringh, C.: Growth and Division of Escherichia coli under Microgravity
Conditions. Res. Microbiol., vol. 145, p. 111 (1994).

3 Thévenet, D., D'Ari, R., Bouloc, P.: The SIGNAL Experiment in BIO-
RACK: Escherichia coli in Microgravity. Biotech., vol. 47, p. 89 (1996).

4 Manko, V. G, Kordyum, V. A., Vorob'yev, L. V., Konshin, N. I., Nechitaylo,
G S.: Microbiology: Changes over Time in Proteus vulgaris Cultures
Grown in the ROST-4M2 Device on the Salyut-7 Space Station. NASA
Contractor Report 3922 (14), p. 70 (1987).

5 Mennigmann, H. D., Lange, M.: Growth and Differentiation of Bacillus
subtilis under Microgravity Conditions. Naturwissenschaften, vol. 73, p.
415 (1986).

6  Klaus, D., Simske, S., Todd, P, Stodieck, L.: Investigation of Space Flight
Effects on Escherichia coli and a Proposed Model of Underlying Physical
Mechanisms. Microbiology, vol. 143, p. 449 (1997).

7  Brown, R. B.: Effects of Space Flight, Clinorotation, and Centrifugation on
the Growth and Metabolism of Escherichia coli. PhD thesis, University of
Colorado, Boulder (1999).

8  Ciferri, O., Tiboni, O., Pasquale, G. D., Orlandoni A. M., Marchesi M. L.:
Effects of Microgravity on Genetic Recombination in Escherichia coli. Na-
turwissenschaften, vol. 73, p. 418 (1986).

9  Kordium, V. A., Mashinsky, A. L., Manko, V. G,, Babski, V. G.,, Sytnik, K. M.,
Kordyum, E. L., Bochagova, O. P, Nefedov, Y. L., Kozharinov, V. I, Grech-
kov, G. M.: Growth and Cell Structure of Proteus vulgaris when Cultivated
in Weightlessness in the Cytos Apparatus. Life Sci. Space Res., vol. 18, p.
213 (1980).

Microgravity sci. technol. XIII/4 (2002)



Robert B. Brown, D. Klaus, and P. Todd: Effects of Space Flight, Clinorotation, and Centrifugation on the Substrate Utilization

10

Mattoni, R. H. T.: Space-Flight Effects and Gamma Radiation Interaction
on Growth and Induction of Lysogenic Bacteria. BioScience, vol. 18, p. 602
(1968).

Klaus, D. M., Todd, P, Schatz, A.: Functional weightlessness during clino-
rotation of cell suspensions. Adv. Space Res., vol. 21, p. 1315 (1998).
Lam, K. S., Mamber, S., Pack, E., Forenza, S., Fernandes, P, Klaus, D.:
The Effects of Space Flight on the Production of Monorden by Humicola
fucoatra WC5157 in Solid State Fermentation. Appl. Microbio. Biotech-
nol., vol. 49, p. 579 (1998).

Klaus, D. M.: Microgravity and its Implications for Fermentation Biotech-
nology. Trends in Biotech., vol. 16, p. 369 (1998).

Walther, 1., Bechler, B., Miiller, O., Hunzinger, E., Cogoli, A.: Cultivation of
Saccharomyces cerevisiae in a Bioreactor in Microgravity, J. Biotech., vol.
47, p.113 (1996).

Montgomery, P. O. B., Cook, J. E., Reynolds, R. C., Paul, J. S., Hayflick, L.,
Stock, D., Schulz, W. W., Kimsey, S., Thirolf, R. G,, Rogers, T., Cambell, D.:
The Response of Single Human Cells to Zero Gravity. In Vitro, vol. 14, p.
165 (1978).

Yee, L., Blanch, H. W.: Recombinant Protein Expression in High Cell Den-
sity Fed-Batch Cultures of Escherichia coli. Biotechnology, vol. 10, p. 1550
(1992).

Robbins, J. W., Taylor, K. B.: Optimization of Escherichia coli Growth by
Controlled Addition of Glucose. Biotechnol. Bioeng., vol. 34, p. 1289

Microgravity sci. technol. XIII/4 (2002)

18
19

20

21

22

23

(1989).

Gottschalk, G.: Bacterial Metabolism. Springer-Verlag, New York (1986).
Barford, J. P, Pamment N. B., Hall R. J.: Lag Phases and Transients. Mic-
robial Population Dynamics, M. J. Bazin (ed.), CRC, Boca Raton (1982).
Vogel, D. H., Bonner, D. M.: Acetylomithinase of Escherichia coli: Partial
Purification and some Properties. J. Biol. Chem., vol. 218, p. 97 (1956).
Pollard, J.: Theoretical Studies on Living Systems in the Absence of Mech-
anical Stress. J. Theoretical Biology, vol. 8, p. 113 (1965).

Tixador, R., Richoilley, G, Gasset, G, Templier, J., Bes, J. C., Moatti, N.,
Lapchine, L.: Study of Minimal Inhibitory Concentration of Antibiotics on
Bacteria Cultivated in vitro in Space (Cytos 2 Experiment). Aviat. Space
Environ. Med., vol. 56, p. 748 (1985).

Tixador, R., Gasset, G, Ench, B., Moatti, N., Lapchine, L., Woldringh, C.,
Toorop, P, Moatti, J. P, Delmotte, F., Tap, G.: Behavior of Bacteria and
Antibiotics under Space Conditions. Aviat. Space Environ. Med., vol. 65, p.
551 (1994).

Acknowledgments

The authors thank Dr. Ray Lam of Bristol-Myers Squibb for
conducting the glucose analysis. This work was supported by
BioServe Space Technologies under NASA Cooperative
Agreement NCC8-131 and by the U.S. Air Force.

29




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


