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Abstract: In a survey of the International Space Station (ISS), the most common pathogenic bacterium
identified in samples from the air, water and surfaces was Staphylococcus aureus. While growth
under microgravity is known to cause physiological changes in microbial pathogens, including
shifts in antibacterial sensitivity, its impact on S. aureus is not well understood. Using high-aspect
ratio vessels (HARVs) to generate simulated microgravity (SMG) conditions in the lab, we found
S. aureus lipid profiles are altered significantly, with a higher presence of branch-chained fatty acids
(BCFAs) (14.8% to 35.4%) with a concomitant reduction (41.3% to 31.4%) in straight-chain fatty acids
(SCFAs) under SMG. This shift significantly increased the sensitivity of this pathogen to daptomycin,
a membrane-acting antibiotic, leading to 12.1-fold better killing under SMG. Comparative assays
with two additional compounds, i.e., SDS and violacein, confirmed S. aureus is more susceptible to
membrane-disrupting agents, with 0.04% SDS and 0.6 mg/L violacein resulting in 22.9- and 12.8-fold
better killing in SMG than normal gravity, respectively. As humankind seeks to establish permanent
colonies in space, these results demonstrate the increased potency of membrane-active antibacterials
to control the presence and spread of S. aureus, and potentially other pathogens.

Keywords: microgravity; Staphylococcus aureus; membrane; lipid profiles; antibiotic susceptibility;
daptomycin; violacein; SDS

1. Introduction

Manned spaceflights function as closed systems, within which a variety of organisms
have been identified as originating from humans [1,2]. Microorganisms that thrive within
manned spacecraft inhabit surfaces within the life support systems, including water recov-
ery system (WRS), as well as the living environment, impacting astronauts during their
exposure [3]. Such long-term and continuous exposure has the potential to develop into
serious health threats during future extraterrestrial space missions. These aspects have been
continually discussed since the early stages of space exploration, specifically concerning
microbial infections among astronauts.

The difficulties in microbial control in microgravity include changes in antimicro-
bial resistance and the spread of antimicrobial resistance genes. The phenomenon of
increased antibiotic resistance due to microgravity has been consistently reported and
corroborated by various research groups [4,5]. The spread of antibiotic resistance genes
within isolated environments, such as in spacecraft and on the International Space Station
(ISS), is an additional concern. Among microorganisms directly isolated from interior
spacecraft surfaces, 46 species have been identified, exhibiting resistance to beta-lactam
antibiotics, cationic antimicrobial peptides and other antimicrobial agents [6]. In other
studies, whole-genome sequencing (WGS) and investigations of antibiotic resistance have
been conducted on BSL2 organisms identified on the ISS, resulting in the identification of
123 antimicrobial resistance genes [7]. If present on mobilizable genetic elements, such as
conjugative plasmids, antibiotic resistance genes can even be transferred to other bacteria,
as was demonstrated with an isolate of Staphylococcus haemolyticus from the ISS [4]. The

Cells 2023, 12, 1907. https://doi.org/10.3390/cells12141907 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12141907
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells12141907
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12141907?type=check_update&version=1


Cells 2023, 12, 1907 2 of 11

authors noted “(s)peculatively, this transfer could also have happened in multi-species
biofilms within the confined ISS/Concordia habitats, thus transferring the ermC gene with
other traits into more pathogenic bacteria like S. aureus”, although they found no evidence
that this had occurred in the strains isolated in their study.

S. aureus is of particular concern as a NASA-funded survey of the microbes present in
the air, the water or on the surfaces within the ISS from 1998 to 2011 identified many different
microbes, but S. aureus was the most commonly isolated bacterial species [8]. As an oppor-
tunistic pathogen, methicillin-resistant variants of S. aureus are listed as a “Serious Threat” by
the U.S. Center for Disease Control and Prevention, with an estimated 323,000 infections and
10,600 deaths reported in 2017 in the U.S. alone [9]. This concern is compounded by the
finding that bacterial virulence and antibiotic resistance may be enhanced in microgravity
conditions [5]. Notably, Staphylococcus aureus has demonstrated structural differences under
microgravity conditions, including an excessive production of certain components like pepti-
doglycan, distinguishing it from terrestrial counterparts [10,11]. However, to date, only a few
studies have explored how this pathogen responds to microgravity conditions.

2. Materials and Methods
2.1. S. aureus Cultivation and Conditioning

Growth of S. aureus ATCC 25923 was performed at 30 ◦C using lysogeny broth (LB)
(Difco BD, Detroit, MI, USA). From agar plates, individual colonies were inoculated into LB
medium and cultivated overnight in a shaking incubator (250 rpm). These cultures were
used as the seeds for the HARVs (RCCS 4H, Synthecon, Houston, TX, USA).

For the normal gravity (NG) and simulated microgravity (SMG) growth curves,
S. aureus cultures were grown overnight in flasks initially before being diluted to an OD of
0.03 in 50 mL of sterile LB within the HARVs (RCCS-4H, Synthecon, Houston, TX, USA).
After mixing the contents (ten times with a 10 mL syringe) to ensure dispersion of the
S. aureus, the HARVs were rotated around a vertical or horizontal axis for the NG and SMG
conditions, respectively. Each was rotated at a speed of 25 rpm [12–14], which generates
a low-shear, continuous free-fall environment where the time-averaged gravity vector is
reduced to approximately 0.01× g [15]. Initially, each culture was pre-conditioned to either
NG or SMG by growing them for one day under these same conditions. After growth
for 24 h, these pre-conditioned cultures were then used to inoculate fresh HARVs for the
experiments. For both cultures, small aliquots (0.5 mL) were taken from the HARVs to
determine the ODs and cell viabilities at set times (0, 3, 6, 9, 12 and 24 h) over a 24 h period.

2.2. Fatty Acid Methyl Ester Preparation and Analysis

Analyses of the fatty acids present in the S. aureus membrane under both NG and
SMG were conducted as described previously [16], albeit with some modification. Briefly,
the cultures were grown in the HARVs under NG or SMG for 24 or 48 h. At these times,
the cells from each culture (equivalent to 1 mL at OD 3.0) were pelleted (16,000× g for
5 min at RT) and washed twice in sterile water. Saponification of the cells was the performed
as described previously [17]. For this, 1 mL of Reagent #1 (45 g NaOH (ACS Grade, Sigma-
Aldrich, St. Louis, MO, USA), 150 mL HPLC Grade methanol (Sigma-Aldrich, St. Louis,
MO, USA) and 150 mL deionized distilled water) was added. After vortexing to suspend
the bacteria, this sample was placed at 100 ◦C for 5 min, vortexed once more and then
incubated at 100 ◦C once more for 25 min. Afterwards, the tubes and samples were
cooled down in a room temperature water bath. To initiate methylation of the fatty acids,
2 mL of Reagent #2 (325 mL 6 N HCl (Sigma-Aldrich, St. Louis, MO, USA) mixed with
275 mL HPLC Grade methanol (Sigma-Aldrich, St. Louis, MO, USA) was added to each
tube, which was then vortexed and incubated at 80 ◦C for 10 min. Afterwards, the tubes
were quickly cooled by gently shaking them in a room temperature water bath. To each
tube, 1.25 mL Reagent #3 (prepared using an equal volume of HPLC Grade hexane (Sigma-
Aldrich, St. Louis, MO, USA) and HPLC Grade methyl tert-butyl ether (Sigma-Aldrich,
St. Louis, MO, USA) was added and the contents were gently mixed end-over-end for
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10 min using a rotator. The aqueous phase was removed from the tubes and discarded. To
remove any free fatty acids, the samples were washed with 3 mL of Reagent #4 (10.8 g ACS
Grade sodium hydroxide in 900 mL deionized distilled water) by gently mixing them as
above for 5 min. Once more, the aqueous phase was removed and discarded. The organic
phase was used for gas chromatography (GC) analysis. These samples were then stored at
−80 ◦C until they were analyzed by the Center for Research Facilities at Gyungsang
National University.

2.3. Chemicals Stocks

Stock solutions of each antimicrobial, i.e., daptomycin, SDS, and violacein, were prepared.
SDS was purchased from Sigma-Aldrich (St. Louis, MO, USA) and its stock concentration
was 2% (w/v) in deionized water. After filter sterilization using 0.22 µm Millex® Syringe
Filter from Merck Millipore, it was stored at room temperature until needed. Daptomycin was
purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Its stock was prepared at
a concentration of 4 mg/mL using DMSO (Sigma-Aldrich (St. Louis, MO, USA)) and stored
at −20 ◦C. Violacein extracted from Chromobacterium violaceum as described below and was
diluted to a concentration of 2.4 mg/mL within DMSO. This stock was then stored at −20 ◦C
until needed.

2.4. Production, Extraction and Quantification of Violacein

Production and purification of violacein was performed as described previously [18,19].
Briefly Chromobacterium violaceum ATCC 12742 was cultivated overnight (24 h) in nutrient
broth (NB) (Difco BD, Detroit, MI, USA) at 30 ◦C and 250 rpm in a shaking incubator. To
extract the pigment, the bacterial cells were harvested via centrifugation (3600× g, 20 min,
4 ◦C) and violacein was extracted using 95% ethanol (culture volume) by mixing (250 rpm,
6 h, 30 ◦C). The bacterial cells were then removed by pelleting them (3600× g, 10 min, 4 ◦C).
This procedure was repeated until violacein was completely extracted from the cells.

The extract was then filtered (Steritop 45 mm, 0.22 µm PES membrane, Millipore
Express PLUS, Millipore, Burlington, MA, USA) to remove any remaining bacterial cells
before being dried in a rotary evaporator (N-1110, EYELA, Bohemia, NY, USA) at 50 ◦C.
The dried violacein was the solubilized in 50% acetone and boiled 40 ◦C within the rotary
evaporator until crystallization of the violacein was visually evident. Crystallization was
allowed to continue for 24 h at 20 ◦C. The violacein crystals were collected by centrifugation
(7200× g, 20 min, 20 ◦C) and washed with purified water before being dried at 60 ◦C for
48 h. The purified violacein was then solubilized in DMSO (Sigma-Aldrich) and quantified
by HPLC method as described previously [20].

2.5. Antimicrobial Tests

For the daptomycin tests in flasks, S. aureus was grown overnight as described above.
These cultures were then diluted to an optical density (OD600nm) of 0.03 in fresh LB me-
dia supplemented with both 50 mg/l CaCl2 and various concentrations of daptomycin
(0, 1, 2 or 4 mg/L). Ca2+ was added to the cultures since this ion is known to improve the
activities of daptomycin [21,22]. These S. aureus cultures were incubated for 9 h at 30 ◦C and
250 rpm, during which the viability was measured every three hours by plate-counting on
LB agar plates.

For the HARV experiments, S. aureus was grown under the same conditions to be
used (NG or SMG) for 24 h to pre-adapt the culture. Aliquots of these cultures were then
inoculated into sterile supplemented LB media (50 mL) in fresh HARVs as described above
so the initial OD600nm was 0.03. The LB medium was supplemented with the antibacterial
to be tested at the desired concentration before introducing S. aureus. Briefly, daptomycin
and SDS were diluted using LB medium and introduced into the HARVs (50 mL LB) using
a 10 mL sterile syringe. For the tests with daptomycin, CaCl2 was also added to a final
concentration of 50 mg/L. The medium within the HARVs was then mixed to homogeneity
by repeatedly mixing it at least ten times using a 10 mL syringe. For violacein, the stock
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was diluted in DMSO and 100 µL was added directly to the HARVs. Afterwards, a 10 mL
syringe was used to mix the media as above. The final concentrations of DMSO in the
HARVs for both daptomycin and violacein was less than 0.2%, a level that had no impact
on the viabilities of S. aureus [23].

After introducing S. aureus into the HARV, the contents were once more mixed at
least ten times using a 10 mL syringe. Each culture was then grown for 9 h under the
same conditions (NG or SMG) as used for the inoculant. At set times (0, 3, 6 and 9 h), a
small aliquot (500 µL) of the culture was sampled using a sterile syringe to determine the
viabilities using a plate-counting method.

2.6. Reproducibility and Statistical Analysis

Each experiment was performed in triplicate and the standard deviations are pre-
sented on the graphs as error bars. To compare two data groups, statistical analyses were
performed using the Student t-test. Statistically significant groups at p-values of <0.05, 0.01
or 0.001 are indicated within the figures using asterisks (*, ** or ***, respectively).

3. Results and Discussion
3.1. Simulated Microgravity Significantly Alters the Membrane Lipid Composition of S. aureus

Two earlier studies reported that S. aureus grew equally well in both simulated micro-
gravity (SMG) and normal gravity (NG) conditions [24,25]. This was also true here in our
study, as shown in Figure 1a, where both the measured optical densities and cell densities
(colony-forming units (CFU)/mL) are plotted. While no differences in S. aureus growth rates
were evident, SMG is known to induce other physiological changes. For instance, SMG
growth altered the membrane lipid composition in vastly different organisms, including
E. coli [26], Listeria monocytogenes [27] and even plants, such as Pisum sativum (snow peas) [28].
Similarly, although the lipid composition was not determined, proteome analyses of the
black fungus Knufia chersonesos found genes involved in unsaturated fatty acid biosynthesis
and the metabolism of phospho- and glycerophospholipids were upregulated under SMG
conditions [29], suggesting it also experiences shifts in its lipid/fatty acid contents.

Extending those findings to our study, we hypothesized the fatty acid composition in
S. aureus’ membranes may experience a similar shift under NG and SMG conditions and,
consequently, they were analyzed. Figure 1b shows the fatty acids present in the NG and
SMG cultures clearly differed at both 24 and 48 h. The predominant saturated straight chain
fatty acids (SCFAs) found in the 24-h NG cultures were C16:0 (25.8%) and C18:0 (13.6%),
while iso-C10:0 (18.8%) and anteiso-C17:0 (9.9%) were the most common branched chain
fatty acids (BCFAs). Under SMG, however, the percentage of C16:0 and C18:0 dropped
significantly (to 19.1% and 8.4%, respectively), while that of anteiso-C15:0 increased 530%
(from 4.9% in NG to 26.3% under SMG), making it the most common fatty acid within S.
aureus under these conditions. Similar results were obtained with the 48-h cultures except a
second BCFA, i.e., anteiso-C17:0, was also significantly higher in the SMG culture.

When the total fatty acid composition was considered, the population of iso-BCFAs in
both NG and SMG cultures were identical for both time points, but that of the anteiso-BCFAs
were always significantly higher in the SMG cultures (Figure 1c). These results parallel
those found previously with L. monocytogenes [27], where anteiso-BCFA percentages in the
membrane increased under SMG, leading to greater membrane fluidity in this pathogen.
In their study with L. monocytogenes, the iso/anteiso- branched chain ratio decreased from
0.448 under NG to 0.392 in SMG, leading to greater membrane fluidity [27]. Similarly,
with S. aureus, we found similar results as the iso/anteiso- branched chain ratio decreased
from 1.24 under NG to 0.60 under SMG. Moreover, the significant drop in C16:0 and
C18:0 abundance seen here under SMG, where these two fatty acids drop by nearly 12%
(i.e., from 39.4 ± 3.0% under normal gravity to 27.5 ± 4.3% in SMG (p = 0.017)), also
increases membrane fluidity. As described in the study by Mostofian, et al. [30], the loss
of these SCFAs and their replacement by BCFAs act to increase the in-plane mean-square
displacement of individual lipids, i.e., each lipid within the membrane is more mobile and
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moves larger average distances in a given amount of time. All of these results indicate SMG
growth of S. aureus leads to increased membrane fluidity, an attribute that can be exploited
to control this pathogen within microgravity environments.
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Figure 1. Growth of S. aureus under SMG shifts its membrane lipid profiles. (a) Growth of S. aureus
under SMG and NG, showing similar growth rates and cell densities for both. (n = 3) (b) FAME
lipid profiles for the cultures after 24 and 48 h, showing a significant increase in the presence of
anteiso-15:0 in the SMG-grown cultures. (n = 3) (c) These shifts led to a significant increase in the total
percentage of anteiso lipids in the S. aureus membranes, while that of iso lipids remained unchanged.
(n = 3) (d) Structural representation of the different lipids, showing the presence of a peripheral
methyl group within the iso and anteiso lipids. *—p < 0.05; **—p < 0.01; ***—p < 0.001.

3.2. Daptomycin Is More Active against S. aureus under SMG Conditions

A study by Rosado, et al. [31] reported SMG growth does not impact the sensitivity of
S. aureus to several different antibiotics, i.e., erythromycin (a protein synthesis inhibitor),
or two cell wall synthesis inhibitors (flucloxacillin and vancomycin). However, the results
shown in Figure 1c led us to hypothesize that this would not necessarily hold true for
daptomycin.

Daptomycin is a lipopeptide antibiotic that integrates into the cellular membrane,
where it aggregates and causes membrane disruption and leaking, eventually leading to
cell death [22,32]. Although the exact mechanism by which daptomycin kills Gram-positive
bacterial pathogens is not fully understood, it is known that daptomycin preferentially
interacts with disordered regions within the membrane, referred to regions of increased
fluidity in one study [33]. This phenomenon was also demonstrated using several different
strains of S. aureus, where differences in their membrane fatty acid composition were
found to directly determine the efficacy of daptomycin against each strain [34]. In their
study, they found the fatty acid percentages and the susceptibility of the strains correlated,
with susceptible strains possessing large percentages of anteiso fatty acids within their
membranes than strains that were resistant. Conversely, strains that had a higher percentage
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of SCFAs in their membranes, which leads to a more structured/rigid membrane [30], were
more resistant to daptomycin [34].

Extending these findings to our study, the significantly higher percentage of anteiso
fatty acids in S. aureus membrane under SMG conditions (Figure 1c) should likewise in-
crease the sensitivities of these cultures to daptomycin. To explore this, we first determined
what concentration of daptomycin was effective against our S. aureus strain. As shown
in Figure 2a, daptomycin killing was dose-dependent in flask tests. While 4 mg/L led
to better killing than 2 mg/L, the viability of S. aureus after 9 h was below 100 CFU/mL,
which was considered too low to explore improved activities and, consequently, 2 mg/L
was chosen for the HARV studies.
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Figure 2. Increased potency of membrane-disrupting agents under SMG conditions. (a) Daptomycin
dose-dependency against S. aureus cultures grown in flasks. Based on these results, a concentration
of 2 mg/L daptomycin was selected for NG and SMG tests. (n = 3) (b) Daptomycin activity against
S. aureus significantly increases under SMG. The results show six hours gave the greatest improvement
in bactericidal activities. (n = 3) (c) SDS was also more potent under SMG, with 0.02% and 0.04%
leading to significantly better killing of S. aureus (5.1- to 22.9-fold enhanced killing, respectively).
(n = 3) (d) Violacein activities against S. aureus were also significantly better, with 0.6 mg/L violacein
showing 12.8-fold enhanced killing of S. aureus. ns—not significant; **—p < 0.01; ***—p < 0.001.
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In these experiments, we found S. aureus grown under SMG conditions was signifi-
cantly more susceptible to daptomycin (Figure 2b), results that agree with the those noted
above [33,34], namely that the greater presence of anteiso fatty acids increases daptomycin’s
binding and disruption of the membrane. The greatest difference in activity was seen at
6 h, where daptomycin killing was 12.1-fold better against SMG-cultures of S. aureus and,
thus, this time was used in later experiments.

3.3. Increased Potency of SDS and Violacein against SMG-Grown S. aureus

While our results above clearly show daptomycin activities are better against SMG-
grown S. aureus, suggesting it may also be more potent in microgravity environments,
the use of this antibiotic faces some hurdles. One concern, for instance, is the shorter
lifespan of pharmaceuticals within low earth orbit (LEO), such as on the ISS. Based on the
study by Du, et al. [35], pharmaceuticals tend to lose their potency faster within space,
the authors attributing this to greater high energy radiation exposures. More recently,
Reichard, et al. [36] analyzed this and several other drug stability studies and concluded
the probability for failure of active pharmaceutical ingredients is greater in LEO, but also
suggested that suitable protective repackaging strategies can help alleviate this problem.
A second, and potentially greater, concern is that daptomycin is regarded as a last-resort
option to treat multidrug-resistant pathogens and their infections [37]. As such, to reduce
the chances for daptomycin resistance to spread, its use should be limited to only those
cases where other options are not available. As noted above, S. aureus was the most common
bacterial strain found within environmental samples taken from the ISS [8]. As such, rather
than focusing on treating infections once they occur, it might be better to take a prophylactic
approach to control this pathogen within microgravity environments. Towards this end, we
explored if other membrane-disrupting antibacterials also see an increase in their potency.

The first option considered was SDS, a surfactant with strong bactericidal activities
against Gram-positive bacteria [38,39], including S. aureus, for which the minimum in-
hibitory concentration (MIC) is 0.01% (w/v) [40]. Much like daptomycin, SDS is known to
insert into and disrupt the membrane and its integrity. While the impact of SDS on more
fluid membranes has not been reported previously, lipids in fluid membranes have greater
lateral mobility [30], allowing SDS molecules to easily incorporate into the lipid bilayer.
We hypothesized, therefore, that reduced lipid packing in fluid membranes provides more
opportunities for SDS molecules to insert into, interact with and disrupt the lipid bilayer
structure. Based on the FAME analyses in Figure 1, this should extend to S. aureus under
SMG conditions. Using a range of SDS concentrations (0~0.04%), we found this to be the
case as dose-dependent bactericidal activities were seen with SDS in both NG and SMG, but
significantly better killing occurred in SMG cultures (Figure 2c). This was especially true
for the higher concentrations tested, i.e., 0.02% and 0.04%, which led to 5.3- and 22.9-fold
better killing at 6 h under SMG conditions than NG.

The second membrane-disrupting compound evaluated was violacein, a hydrophobic
bisindole molecule produced by a range of bacterial strains [41]. While the biological activities
of violacein are diverse [42], including as an anticancer [43,44] and antiviral [45], it is probably
best known for its antibacterial activities against Gram-positive pathogens [17,20,42,46,47].
This activity is due to its hydrophobic nature. Vioacein’s reported octanol: water partitioning
coefficient (LogPoctanol:water value) is 3.34 and, as such, it preferably and rapidly inserts into
lipid membranes, where it causes massive disruption of S. aureus’ membrane integrity, leading
to a leakage of ions and proteins [48,49].

As with SDS, we hypothesized that the more disordered membrane state in SMG-
grown S. aureus cells would increase the potency of violacein against this pathogen. As
shown in Figure 2d, the lower concentrations of violacein tested (0.3 and 0.6 mg/L) were
significantly better at killing S. aureus under SMG, i.e., the S. aureus viabilities dropped by
factors of 4.5 and 12.8 when compared against NG, respectively. In contrast, while better
killing was also seen with 2.4 mg/L violacein (4.1-fold enhanced killing at 6 h), the results
were not significantly different from tests performed under NG. This finding suggests the
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benefits offered by shifts in the membrane fatty acid composition diminish and violacein’s
killing activities tend to consolidate as more of this compound is applied.

3.4. Potential for Co-Treatment

While the data presented above show positive results for daptomycin, SDS and vi-
olacein, the activity spectrums for all three antibacterials are primarily against Gram-
positive bacterial strains since, owing to their outer membranes, Gram-negative strains
and pathogens tend to be much more resistant [41,42,50–53]. As surveys found many
different Gram-negative pathogens on the ISS as well [6–8], one possible avenue to ex-
pand the current findings is to consider a co-application of these antibacterials with oth-
ers that also target Gram-negative bacterial species. One example of this is the study
Im, et al. [46], where violacein was successfully used alongside the predatory bacterium,
Bdellovibrio bacteriovorus, against polymicrobial populations, leading to better killing when
both were used together. While that study did not explore SMG conditions, a separate
study by Jang, et al. [54] found B. bacteriovorus is not only capable of predating in SMG
environments, it was more active for some of the pathogens tested (carbapenem-resistant
strains Klebsiella pneumoniae and Acinetobacter baumannii), i.e., approximately 1-log better
killing under SMG than NG. Predation also provided a hidden benefit as B. bacteriovorus
significantly reduced (by more than 97.8%) the antibiotic resistance genes present in these
pathogens (blaKPC-2 and blaOXA-51, respectively). While these results are impressive and
encouraging, B. bacteriovorus represents only one option that was considered so far, with
many more possible.

4. Conclusions

Understanding the physiological changes microgravity imparts on pathogenic microor-
ganisms, and the subsequent impact and alteration these have on antimicrobial efficacies, is
clearly vital in maintaining astronaut health during long-duration space missions. Within
this study, we found growth of S. aureus under SMG led to significant changes in its mem-
brane fatty acid profiles, with a strong increase in the percentage of anteiso fatty acids.
As higher percentages of anteiso fatty acids are known to increase membrane disorder
and fluidity [33,34], we exploited this physiological shift to demonstrate three distinct
membrane-disrupting antibacterials (i.e., daptomycin, SDS and violacein) are all more
potent against SMG-cultured S. aureus. While the results presented here suggest the use of
daptomycin in the treatments of Gram-positive pathogens and their infections may be more
successful within microgravity environments, and also that prophylactic measures, such
as the use of detergents to clean surfaces, may be more effective, this study does present
some limitations. One clear limitation in the present study is these experiments were not
performed in LEO, but within HARVs. Validation of these results within true microgravity
conditions, therefore, is needed. In addition, the sub-cellular mechanisms governing the
lipid profile shifts should be explored, potentially through gene expression analyses.
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