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Abstract

Various effects of microgravity on prokaryotes have been recognized in recent years, with the focus on studies of
pathogenic bacteria. No archaea have been investigated yet with respect to their responses to microgravity. For
exposure experiments on spacecrafts or on the International Space Station, halophilic archaea (haloarchaea) are
usually embedded in halite, where they accumulate in fluid inclusions. In a liquid environment, these cells will
experience microgravity in space, which might influence their viability and survival. Two haloarchaeal strains,
Haloferax mediterranei and Halococcus dombrowskii, were grown in simulated microgravity (SMG) with the rotary
cell culture system (RCCS, Synthecon). Initially, salt precipitation and detachment of the porous aeration
membranes in the RCCS were observed, but they were avoided in the remainder of the experiment by using
disposable instead of reusable vessels. Several effects were detected, which were ascribed to growth in SMG: Hfx.
mediterranei’s resistance to the antibiotics bacitracin, erythromycin, and rifampicin increased markedly; differ-
ences in pigmentation and whole cell protein composition (proteome) of both strains were noted; cell aggre-
gation of Hcc. dombrowskii was notably reduced. The results suggest profound effects of SMG on haloarchaeal
physiology and cellular processes, some of which were easily observable and measurable. This is the first report
of archaeal responses to SMG. The molecular mechanisms of the effects induced by SMG on prokaryotes are
largely unknown; haloarchaea could be used as nonpathogenic model systems for their elucidation and in
addition could provide information about survival during lithopanspermia (interplanetary transport of microbes
inside meteorites). Key Words: Haloferax mediterranei—Halococcus dombrowskii—Simulated microgravity—Rotary
cell culture system—Antibiotic resistance—Lithopanspermia. Astrobiology 11, 199–205.

1. Introduction

The effects of microgravity on plants and some eu-
karyotic microorganisms, such as Paramecium, Euglena,

and Chlamydomonas, have been studied since the 19th century
(see Häder et al., 2005, for historic examples). But the recog-
nition of effects on prokaryotes has been delayed, possibly
due to the influence of a theoretical paper by Pollard (1965), in
which it was stated that gravity should be experienced by cells
with a diameter larger than 10mm, which is greater than that
of most bacteria or archaea. The subject of microgravity and
microorganisms attracted more attention after it was learned
that intense growth of bacterial biofilms had blocked the
water purification system on the Russian Mir space station
(cited in Lynch et al., 2006). More recently, increased virulence
of pathogenic microorganisms in response to microgravity
has been reported (Rosenzweig et al., 2010), as have increased
resistance to antibiotics (Nickerson et al., 2004), effects on the

regulation of protein synthesis (Matin et al., 2006), an appar-
ent increase in production of antibiotics (Benoit et al., 2006),
and morphological changes (Zhou et al., 2006).

Spaceflight has provided opportunities for exposure of
organisms to microgravity, but for ground experiments
various devices have been developed. The rotary cell culture
system (RCCS) manufactured by Synthecon (Houston, TX)
was commissioned by NASA (Wolf and Schwarz, 1991) and
has been described in detail (Lynch et al., 2004; Matin et al.,
2006). In the RSSC, a vessel is rotated about a horizontal axis,
and the cells reach a steady-state terminal velocity at which
the gravitational force is mitigated by equal and opposite
hydrodynamic forces, including shear, centrifugal, and
Coriolis forces. This generates an overall time-averaged
gravity of 10�2g on the cells in culture and is referred to as
simulated microgravity or SMG (Lynch et al., 2004). During
operation, the conditions should enable a suspension culture
that is optimized for low shear, with careful adjustment of
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factors such as stir rate, viscosity of the medium, and gas
exchange (Unsworth and Lelkes, 1998).

Haloarchaea are a very closely related prokaryotic group;
besides their common requirement for high concentrations of
NaCl, they cluster together in phylogenetic trees based on
the sequences of 16S rDNAs, in contrast to many other ar-
chaea, which are set far apart (Kletzin, 2007). Haloarchaea
have been selected for several spaceflight experiments. For
example, Halorubrum chaoviator strain Halo-G* (Mancinelli
et al., 2009) was flown on the Biopan facility, a small re-
trievable capsule developed by the European Space Agency
for exposure of biological samples in low-Earth orbit (ESA,
2005), and survived exposure to outer space for 2 weeks
(Mancinelli et al., 1998). Halococcus dombrowskii, an isolate
from Permian salt sediments (Stan-Lotter et al., 2002), was
included in the Adapt experiment on the International Space
Station and was exposed to the space environment for 18
months (http://www.esa.int/esaHS/SEM9X9W0EZF_iss_0
.html). For the exposure experiments, suspensions of ha-
loarchaeal cells in high-salt medium or buffers are dried on
quartz discs, which leads to the formation of fluid inclusions
during crystallization. It was observed that cells accumu-
lated preferentially within the fluid inclusions (Fendrihan
and Stan-Lotter, 2004; Fendrihan et al., 2006, 2009); therefore,
possible responses to microgravity by the cells, which are
surrounded by liquids, should be considered. This report
contains results from the examination of the effects of SMG
on Hcc. dombrowskii; in addition, the haloarchaeal strain Ha-
loferax mediterranei was investigated, since its susceptibility to
antibiotics has been studied in detail (Bonelo et al., 1984).
Some methodological adaptations of the use of RCCS with
high-salt media are also described.

2. Materials and Methods

2.1. Growth of microorganisms

Cells of Halococcus dombrowskii DSM 14522T and Haloferax
mediterranei DSM 1411T were grown, with shaking, in M2
medium (Tomlinson and Hochstein, 1976) in liquid culture

as described previously (Stan-Lotter et al., 2002). Growth was
followed by measuring optical density (OD) at 600 nm with a
Novaspec II (Pharmacia).

2.2. Growth of haloarchaea in simulated microgravity

Two separate RCCS with high aspect ratio vessels
(HARVs), each with a capacity of 50 mL (type HARV-50),
from Synthecon, Inc. (Houston, TX) were used, which are
sold in Europe by Cellon (Luxembourg). One HARV vessel
rotates about a horizontal axis, providing SMG conditions,
and a second HARV vessel rotates about a vertical axis,
providing normal gravity (NG) control. Aeration is achieved
through a semipermeable membrane at the back of the ves-
sel. Cultures were usually grown in pairs, one in SMG and
one in NG conditions. Both RCCS were placed in an Innova
desktop incubator (Fig. 1, panel A), type 4080 (New Bruns-
wick), and were connected by flat cables to power supplies,
which were located outside the incubator. Temperature of
incubation was 378C, and rotary speed of the vessels was
20 rpm. In later experiments, as described in Results, the
reusable HARV-50 vessels were replaced by disposable
vessels type D-405 (Fig. 1, panel B).

2.3. Assays for antibiotic resistance

Haloferax mediterranei DSM 1411T was grown in liquid
medium at either NG or SMG to an OD600nm of about 1.0
and diluted with M2 medium to an OD600nm of 0.1. Five-
milliliter aliquots of cell suspensions were then placed in
glass tubes with antibiotic-containing solutions and incu-
bated, with shaking, at 378C, while growth was monitored
by measuring the OD600 for several days. The following
antibiotics (all from Sigma) and final concentrations during
growth, which were 1/2, 1-fold, 2-fold, and 5-fold, respec-
tively, of the minimal inhibitory concentrations as deter-
mined by Bonelo et al. (1984), were used: bacitracin, 0, 23.5,
47, 94, 235 mg/mL; erythromycin, 0, 187.5, 375, 750,
1875 mg/mL; novobiocin, 0, 1, 2, 4, 10 mg/mL; rifampicin, 0,
2, 4, 8, 20 mg/mL.

FIG. 1. Two RCCS in an incubator (A) for
the generation of SMG, which uses a verti-
cal vessel, and NG, which uses a horizontal
vessel. (B) Back views of a standard reusable
vessel, type HARV-50 (B, top) and a dispos-
able vessel, type D-405 (B, bottom). Bar, 2 cm.
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2.4. Analysis of whole cell protein patterns

Sodium dodecyl sulfate (SDS) gel electrophoresis of
whole cell proteins was performed as described previously
(Stan-Lotter et al., 1993, 2002). Briefly, haloarchaea were
grown in NG or SMG to ODs of 0.6–0.8; approximately
50 mg of cells (wet weight) per milliliter were lysed by
boiling them in SDS sample buffer (Laemmli, 1970)
for 10 min, and then centrifuged at 10,000g for 1 min to re-
move any precipitates. For separation of proteins by one-
dimensional gels, the system of Laemmli (1970) was used.
Visualization of proteins was performed by staining with
Coomassie Blue. In some experiments, the two-dimensional
gel electrophoresis system by O’Farrell (1975) was used
with modifications for Halococcus sp. as described by Legat
(2009); proteins were stained with Sypro Ruby (Invitrogen,
Austria), and patterns were visualized under UV light with
a VersaDoc Imaging System Model 3000 (Bio-Rad). One-
dimensional gels were repeated at least five times, two-
dimensional gels at least three times.

2.5. Other methods

For assessment of pigmentation, 2�25 mL of cells, which
had been grown for 96 h in SMG or NG, respectively, were
pelleted by centrifugation in an SS34 rotor (Sorvall) at
6000 rpm for 15 min at room temperature. Staining with the
BacLight LIVE/DEAD kit (Invitrogen, Austria) and fluores-
cence microscopy were carried out as described previously
(Leuko et al., 2004; Fendrihan et al., 2009). For embedding
experiments, cell suspensions were dried on glass slides for
2–3 days (Fendrihan et al., 2009). Unstained cells were ob-
served with a Nikon Eclipse E200 microscope by using phase
contrast. For statistics, the program Origin, version 6.0
(Originlab, Guangzhou, P.R. China), was used.

3. Results

3.1. Haloarchaea in fluid inclusions

Haloarchaeal cells were pre-stained with the LIVE/DEAD
kit before embedding in salt crystals (Fig. 2). At low mag-
nification, the bright green fluorescence of stained ha-
loarchaea outlined the morphology of the characteristic
rectangular fluid inclusions of halite (Fig. 2, left panel). At
higher magnifications, individual cells of Hfx. mediterranei
DSM 1411T (Fig. 2, middle panel) and Hcc. dombrowskii DSM
14522T (Fig. 2, right panel), respectively, became visible. The

data suggest that the localization of haloarchaeal cells in the
salt was nearly exclusively in the fluid inclusions of artificial
halite, which formed during desiccation. Such inclusions are
present in natural halite as well (Roedder, 1984).

3.2. Growth of haloarchaea in RCCS

Haloarchaea and Hcc. dombrowskii DSM 14522T in partic-
ular have much longer generation times (days instead of
hours) than most microorganisms that have been grown so far
in the RCCS vessels. Hfx. mediterranei DSM 1411T is one of the
faster growing haloarchaea and grows also at higher tem-
peratures (up to 458C) and with a generation time of ca. 5–6 h.
Hfx. mediterranei DSM 1411T was therefore used as the pre-
ferred model haloarchaeal organism for growth in the RCCS.
Hcc. dombrowskii DSM 14522T was used in some experiments,
since it had been exposed on the European Technology Ex-
posure Facility on the International Space Station for 18
months. No halophilic microorganisms had yet been grown in
the HARV vessel; therefore, several parameters needed to be
assessed. The high salt concentration (�20%, or 3.5–4 M
NaCl), which is essential for growth of most haloarchaea, led
to formation of crystals; together with the buildup of negative
pressure, mechanical stress was exerted on the porous aera-
tion membrane located on the back of the HARV vessel. After
several runs of 1–2 weeks of duration, the membrane sepa-
rated from its support and had to be re-attached with glue
(General Electrics vulcanizing adhesive, obtained from Cel-
lon, Luxembourg). When the membrane became visibly
damaged and displayed uneven regions and even holes, new
membrane sheets were cut to size and glued to the vessel.
Evaporation during the runs also caused the formation of air
bubbles within the medium in the vessel. The air was pushed
out daily by careful addition of several milliliters of a 1:1
mixture of sterile water and medium with a syringe through
the ports. Finally, disposable vessels (type D-405) were used
for growth of haloarchaea in the RCCS (Fig. 1). They have the
same designated capacity (50 mL) as type HARV-50 and are
sterile; in practice, their capacity is about 55 mL. Figure 1
(panel B) shows both types of vessels for comparison; the
reusable vessel HARV-50 has only a few holes on the back for
aeration, but the disposable vessel type D-405 has wide slits,
which, in our experience, is a much better design for the
purpose of growing aerobic cells, especially in high-salt me-
dia. The disadvantage of not being able to reuse the vessels
was greatly set off by the ease of handling and the elimination
of the problems associated with evaporation, loss of volume,

FIG. 2. Accumulation of pre-stained haloarchaea
in fluid inclusions. Cells were stained with the
LIVE/DEAD BacLight kit prior to embedding
in artificial halite. Viable cells show green fluo-
rescence; nonviable cells are red. Low magnifi-
cation (left panel): haloarchaeal cells. High
magnification: cells of Haloferax mediterranei DSM
1411T (middle panel) and Halococcus dombrowskii
DSM 14522T (right panel), respectively, trapped in
fluid inclusions for about 3 days. Pictures were
taken with a Leica fluorescence microscope type
DM5000B.
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buildup of salt crystals, and detachment of membranes in
high-salt buffers.

3.3. Antibiotic susceptibility

Cells of Hfx. mediterranei DSM 1411T were used to test the
influence of microgravity on the response to antibiotics. Figure
3 shows the effect of prior growth in SMG on the resistance of
Hfx. mediterranei DSM 1411T to bacitracin (Fig. 3, A1) and
erythromycin (Fig. 3, B1), respectively. While concentrations
of 235mg/mL of bacitracin or 375mg/mL of erythromycin
inhibited cells grown in NG completely within about 48 or
72 h, respectively (Fig. 3, A2, B2), the same concentrations had
much less effect on cultures that were grown at SMG (Fig. 3,
A1, B1) and allowed growth to ODs of 0.2–0.3 within the
period of 6 days of the experiment. A similar increase of re-
sistance following growth in SMG was obtained with rifam-
picin (not shown), while the resistance to novobiocin was not
influenced by growth in SMG (not shown).

3.4. Proteome

Cultures of Hfx. mediterranei DSM 1411T and Hcc. dom-
browskii DSM 14522T were grown in both NG and SMG

mode and harvested by centrifugation. Their whole cell
proteins were separated on SDS polyacrylamide gels. One-
dimensional protein patterns of cells grown in SMG dis-
played several differences, indicated by red arrows, with
respect to intensity and location of bands to the patterns of
cells grown in NG (Fig. 4, A1, A2). Two-dimensional gel
electrophoresis of proteins, which involves separation by
their isoelectric points (horizontal dimension) and molecular
weights (vertical dimension), yielded characteristic arrange-
ments of spots, which differed between cells grown in NG or
SMG, as indicated by red boxes (Fig. 4, B1, B2). For orien-
tation, several landmark spots, which are identical in both
gels, are indicated (Fig. 4, B1, B2; black arrows). Spots rep-
resent mostly single proteins, some of which were missing in
cells grown in NG but present in cells grown in SMG, or they
were reduced or enhanced in intensity (Fig. 4, B1, B2). Pro-
teins from such gels are identifiable with mass spectrometry
(Rabilloud, 2002). The data suggests an influence of micro-
gravity on the composition of the proteome of haloarchaeal
strains, which was likely caused by up- or downregulation of
certain protein-coding genes, as has been described for Sal-
monella bacteria grown in NG and SMG, respectively
(Nickerson et al., 2000).

FIG. 3. Influence on the growth of Hfx. mediterranei DSM 1411T by the antibiotics bacitracin (A1, A2) and erythromycin (B1,
B2). Cells grown in NG (A2, B2) were susceptible to a concentration of 235 mg/mL bacitracin or 375 mg/mL erythromycin,
respectively, which killed cells in about 48–72 h (yellow curve in A2, green curve in B2, respectively). They were not
susceptible to these concentrations when they had been grown in SMG (A1, B1). Error bars denote standard deviations based
on six experiments each.
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3.5. Pigmentation, cellular aggregation

The pigmentation of cultures of both strains grown in SMG
was brownish red, whereas the pigmentation of cultures
grown in NG was light red (not shown). Since haloarchaeal
pigmentation is due to the presence of numerous carotenoids,
especially C50 bacterioruberin and its derivatives (Oren, 2002),
changes in pigmentation suggest differences in synthesis or
incorporation of carotenoid molecules, or both.

Formation of aggregates of cells within areas of the RCCS
vessel was quite pronounced with the NG cultures but did
not occur with the SMG cultures. Microscopical data reveal
growth of Hcc. dombrowskii DSM 14522T as very small ag-
gregates (2–4 cells) in the SMG culture and larger aggregates
(>4–8 cells) in the NG culture (not shown). Presumably, the
surfaces of cells were altered, which increased the tendency
toward clumping when grown in NG conditions; however, it
is not known which molecules might be responsible for this
effect. For Salmonella cells, which were grown aboard a space
shuttle, cellular aggregation and clumping was demon-
strated and attributed to the formation of an extracellular
matrix (Wilson et al., 2007).

4. Discussion

Haloarchaea are generally insensitive to many antibiotics
that are effective for bacteria, or they are inhibited only by
high concentrations. Hfx. mediterranei DSM 1411T was in-
hibited by bacitracin, rifampicin, and novobiocin in com-
paratively low concentrations (2–47mg/mL; Bonelo et al.,
1984); erythromycin was effective in concentrations of at
least 375 mg/mL. The haloarchaeal target sites for antibiotics
are often not precisely known; for bacitracin, an interference
with biosynthesis pathways of isoprenoid diether lipids has

been suggested (Böck and Kandler, 1985). The marked in-
crease in resistance to bacitracin, erythromycin, and rifam-
picin following growth in SMG was observable for at least 6
days after return of the cultures to NG (Fig. 3). This persis-
tent response can be interpreted as a similar reaction of ha-
loarchaea to microgravity as was described for the
pathogenic bacterium Salmonella typhimurium, where one of
the effects of microgravity—increased virulence toward mice
infected with the Salmonella cells—was observable for more
than 30 days post-exposure on a spaceflight (Wilson et al.,
2007). The increased resistance to antibiotics occurred con-
comitantly with alterations in the proteome of Hfx. medi-
terranei DSM 1411T (Fig. 4, A1). Although no mechanisms for
antibiotic resistance of haloarchaea are yet known, it is
conceivable that some could be protein based and coded by
many genes, as published for bacteria, for example, altered
binding proteins, antibiotic-degrading enzymes, or efflux
pumps (see Levy and Marshall, 2004, for a review). Effects of
SMG on the proteome could also be demonstrated with Hcc.
dombrowskii DSM 14522T (Fig. 4, A1, B1, B2), where differ-
ences in one- and two-dimensional protein patterns were
apparent. Halococci possess acidic proteins with a rather
narrow range of pIs between 4.2 and 5.2 (Stan-Lotter et al.,
2002), which tend to cluster on two-dimensional gels.
However, separation of spots on our two-dimensional gels
was adequate (Fig. 4, B1, B2) and would be suitable for their
excision and further analysis (Hunter et al., 2002).

Other haloarchaeal responses to SMG included aggrega-
tion of cells and changes in pigmentation, which suggests
alterations in the cellular surfaces for the former and syn-
thesis of carotenoids or their incorporation, respectively, for
the latter phenomenon. Interestingly, an effect on the amount
of the carotenoid staphyloxanthin has been reported with

FIG. 4. Whole cell proteins from haloarchaeal cells grown in NG or SMG, following separation by SDS polyacrylamide gel
electrophoresis. (A1, A2) One-dimensional gels. Molecular mass markers are indicated to the right from top to bottom (in
kDa) as follows: 200, 100, 50, 30, 25, 15, 10. Red arrows point to regions with significant protein differences between growth in
NG (A1, A2, left lanes) or SMG (A1, A2, right lanes), respectively. (A1) Hfx. mediterranei DSM 1411T. (A2) Hcc. dombrowskii
DSM 14522T. (B1, B2) Partial proteomes of Hcc. dombrowskii DSM 14522T grown in NG (B1) or SMG (B2), separated by two-
dimensional gel electrophoresis. Isoelectric points (pI from 3 to 5) and molecular mass standards (30, 25, 15 kDa) are
indicated. Several spots with identical locations in both gels are depicted by black arrows; significant differences between the
two proteomes with respect to number and intensity of spots are highlighted with red boxes.
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Staphylococcus aureus grown in SMG (Rosado et al., 2010). All
the reactions observed here suggest a global response to
SMG that involves perhaps a general regulator of transcrip-
tion, as has been described for Salmonella typhimurium (Wil-
son et al., 2007) and Pseudomonas aeruginosa (Crabbé et al.,
2010). However, archaeal transcription resembles more that
of eukarya than bacteria (Bell and Jackson, 1998), and it re-
mains to be explored which mechanisms are involved in the
haloarchaeal response to microgravity. Haloarchaea are
nonpathogenic; nevertheless, they could be useful models
with which to study the response of possibly even eukaryotic
microorganisms toward reduced gravity. In particular, long-
term studies could be envisaged, since many haloarchaea
remain viable in liquids for years (Arahal et al., 2000).

Several haloarchaea have been isolated from salt sedi-
ments that are believed to be millions of years old (Denner et
al., 1994; Grant et al., 1998; Stan-Lotter et al., 1999, 2002;
McGenity et al., 2000; Gruber et al., 2004); this along with
evidence for the occurrence of halite on Mars (Treiman et al.,
2000; Squyres et al., 2006) has led to speculation on the ex-
istence of halophilic life elsewhere in the Solar System that
originated on Earth, or vice versa, but was transported via
impact events. The transfer of microbes between planets
could occur by way of meteoritic rocks within which viable
microbes are embedded. Indeed, recent experimental evi-
dence supports the idea that spores, bacteria, and lichens
could survive space travel (Horneck et al., 2008; Nicholson,
2009). Ballistic studies have suggested that spores and coc-
coid bacteria, both of which possess sturdy cell walls, are the
most likely ‘‘micronauts’’ with the capacity to survive
transfer from one planet to another. Archaea, however, are
not spore formers, and they do not contain the bacterial cell
wall polymer peptidoglycan. Conceivably, archaea could
endure space travel if contained within fluid inclusions of
halite, which are apparently an old feature of the Universe.
In this way, they could retain their brine state while traveling
through space for billions of years (Zolensky et al., 1999). It
thus remains to be determined which types of responses are
elicited in archaea in general and haloarchaea in particular
when exposed to reduced gravity over time.
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