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OES Orbital Environmental Simulator

RT-PCR  Reverse transcriptase-polymerase chain reaction
RWV Rotating wall vessel

SMG Simulated microgravity

STLV Slow turning lateral vessel

Although preventative measures to mitigate infectious disease risks to the crew are
stringently enforced prior to the launch of spacecraft, pathogenic organisms are still
carried by crewmembers, the spacecraft, and its cargo (Taylor 1974; Castro et al.
2004; Gueguinou et al. 2009) (see also Chap. 25). Of additional concern is space-
flight food, which is randomly monitored for microbial content prior to flight, yet
remains a potential route of infection for food-borne pathogens, such as Salmonella
sp. and Staphylococcus aureus. While the crewmembers are exceptionally healthy,
dysfunction of their immune system has been repeatedly associated with spaceflight
missions (Gueguinou et al. 2009), suggesting an increased susceptibility to infection.
Other factors, such as the relatively crowded living conditions on flight vehicles, also
increase the risk of infectious disease during spaceflight. Indeed, transfer of micro-
bial flora between crewmembers has been demonstrated (Taylor 1974; Pierson et al.
1996). In addition, infections from the astronauts’ own normal microbiological flora
are still a risk, such as staphylococcal and streptococcal skin infections and urinary
tract infections. Evaluations of the environmental microbiome aboard Mir and the
International Space Station (ISS) indicated a predominance of common members of
the environmental flora (Castro et al. 2004), although the appearance of medically
significant organisms has been documented (Ott 2004). Moreover, increased antibi-
otic resistance for some bacteria during culture in spaceflight has been reported
(Tixador et al. 1985; Kacena and Todd 1999), which could potentially compromise
effective prophylactic treatment if a crew member were to acquire an in-flight infec-
tion from such an organism. Latent viruses also remain a risk to the astronauts (see
Chap. 19) because of their ubiquity, the ineffective current preventive practices (e.g.,
quarantine), and their immunocompromised state (Pierson et al. 2007). Thus, the
presence of opportunistic and obligate pathogens and the corresponding risk of infec-
tious diseases cannot be completely prevented during spaceflight.

In order to fully understand the impact of spaceflight on infectious disease risks
to the crew, it is critical to advance our knowledge of the effects of spaceflight on
the human immune system in a synergistic approach with studies to characterize
spaceflight-associated changes in microorganisms, alterations in the human and
environmental microbiome, and the resulting impact on host—pathogen interactions.
A wide variety of spaceflight experiments have been performed over the past
50 years demonstrating an extensive range of observed phenotypic and, recently,
molecular genetic changes in microorganisms (Dickson 1991; Nickerson et al.
2004; Klaus and Howard 2006; Horneck et al. 2010); however, information eluci-
dating the mechanism(s) behind these changes and how spaceflight affects micro-
bial virulence has only recently begun to emerge.
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18.1 Modeling Aspects of Spaceflight Culture on Earth

Our knowledge of spaceflight-induced alterations in microbial virulence has been
enhanced by the use of ground-based spaceflight analog culture systems, such as the
NASA-designed Rotating Wall Vessel (RWYV) bioreactor (Fig. 18.1). The RWV is
an optimized form of suspension culture in which cells are grown in cylindrical
bioreactors, called high aspect ratio vessels (HARV) or slow turning lateral vessels
(STLV) in physiologically relevant low fluid-shear conditions. The RWV consists of
a hollow disk (HARV) or cylinder (STLV) that is completely filled with culture
medium and rotates on an axis parallel to the ground (Klaus 2001; Nickerson et al.

LSMMG orientation Control orientation

a' Cells do not| |
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g/

Cells
sediment
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Fig. 18.1 The rotating wall vessel (RWYV) bioreactor and power supply. The HARV RWYV biore-
actor is depicted in the (a) Low-shear modeled microgravity (LSMMG) and (b) control orienta-
tions. For both orientations, the cylindrical culture vessel is completely filled with culture medium
through ports on the face of the vessel (indicated by black arrows in a) and operates by rotating
around a central axis. Cultures are aerated through a hydrophobic membrane that covers the back
of the reactor. In the LSMMG orientation (a), the axis of rotation of the RWV is perpendicular to
the direction of the gravity force vector. In the control orientation (b), the axis of rotation is parallel
with the gravity force vector. The direction of rotation is indicated by a green arrow in both orienta-
tions. The effect of RWV rotation on particle suspension is depicted for each orientation (insets).
When the RWV is not rotating, or rotating in the control orientation, the force of gravity will cause
particles in the apparatus to sediment and eventually settle on the bottom of the RWV (b, inset).
When the RWYV is rotating in the LSMMG position, particles are continually suspended in the
media (a, inset). The result is a solid-body rotation of the medium and cells within the RWYV, with
the sedimentation of the particles/cells due to gravity being offset by the upward forces of rotation.
The result is low fluid-shear aqueous suspension that is similar to what would occur in true
microgravity
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2004). The result is solid-body rotation of the medium and the cells within and a
constant rotation perpendicular to the gravitational field that results in an environ-
mental culture, which mimics aspects of the spaceflight environment (Nickerson
et al. 2004). As a result, sedimentation of cells due to gravity is offset by the forces
of the RWYV rotation. The culture environment experienced by cells in the RWV is
commonly referred to as low-shear modeled microgravity (LSMMG), modeled
microgravity (MMG), or simulated microgravity (SMG). Interestingly, the low
fluid-shear culture conditions in the RWV are relevant to those encountered by
numerous microbial pathogens and commensals during their normal life cycles in
the gastrointestinal, respiratory, and urogenital tracts (Nauman et al. 2007). A gas-
permeable membrane on one side of the RWV (HARV) or a central core gas
exchange membrane (STLV) allows constant air exchange during growth (Nickerson
et al. 2004). Several studies culturing microbes in both the RWV and true space-
flight have focused on profiling molecular genetic (transcriptomic and proteomic),
phenotypic (in vitro stress), and virulence responses (in vivo) to provide new
insights into how microorganisms respond to culture in the microgravity environ-
ment of spaceflight. Notably, since pathogens encounter similar low fluid-shear
regions in the human body, these studies have also revealed novel virulence strate-
gies used by pathogens during the natural course of infection, and thus hold promise
for the development of new strategies for treatment and prevention of infectious
diseases on Earth.

18.2 Spaceflight Analog (LSMMG) Culture of Salmonella
enterica Serovar Typhimurium

The first studies to demonstrate that culture of microbes in both LSMMG and true
spaceflight conditions alters microbial virulence was performed using the obligate
bacterial pathogen, Salmonella enterica serovar Typhimurium in a murine model of
infection (Nickerson et al. 2000; Wilson et al. 2007). Indeed, S. Typhimurium
remains the best characterized microorganism in response to spaceflight and space-
flight analog culture. As a common food-borne pathogen, S. Typhimurium was cho-
sen as the model organism for these studies because (1) it has been extensively
studied and well characterized, (2) it is a leading cause of intestinal and diarrheal
disease in healthy individuals, and serious systemic illness in the immunocompro-
mised, and (3) it is one of the five basic categories of organisms targeted by NASA
for preflight monitoring of spaceflight food. Cultures of S. Typhimurium grown in
the RWYV environment (LSMMG) (Nickerson et al. 2004) displayed a significant
increase in virulence as evidenced by a decreased time-to-death, decreased lethal
dose 50 (LDs), and increased tissue colonization (liver and spleen) in murine infec-
tions as compared to control cultures. The S. Typhimurium LSMMG cultures also
displayed increased survival in cultured macrophages and increased resistance to
acid stress, two key pathogenesis-related responses that are relevant to bacterial
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virulence. In addition, this study was the first to demonstrate that the LSMMG envi-
ronment elicits a global molecular genetic response in bacteria using 2-D protein
gel electrophoresis to show that S. Typhimurium protein levels changed during
LSMMG culture as compared to controls (Nickerson et al. 2000). This study estab-
lished the paradigm that LSMMG can alter bacterial virulence and serve as a master
signal to globally reprogram bacterial gene expression. Moreover, this work pro-
vided the first evidence that fluid-shear levels relevant to those encountered by
Salmonella between the brush border microvilli of intestinal epithelial cells within
the infected host act as a novel environmental signal that regulates the virulence,
stress resistance, and gene expression of this pathogen (Nickerson et al. 2000,
2004).

To identify the Salmonella genes that changed expression in response to
LSMMG culture, whole genome microarray analysis was performed using RNA
harvested from S. Typhimurium cultures grown in LSMMG and control condi-
tions (Wilson et al. 2002a). The results demonstrated that 163 genes globally dis-
tributed across the S. Typhimurium genome are either upregulated (97 genes) or
downregulated (68 genes) during growth in LSMMG. These genes belonged to a
variety of functional groups including protein secretion systems, lipopolysaccha-
ride (LPS) synthesis, ribosomal subunits, starvation/stress response, virulence
factors, transcriptional regulation, iron-utilization enzymes, and several of
unknown functions. Interestingly, none of the upregulated genes corresponded to
known virulence factors, even though LSMMG enhanced S. Typhimurium viru-
lence. This suggests that LSMMG may alter Salmonella virulence by a previously
uncharacterized mechanism(s) that could involve novel virulence functions.
Alternatively, the increase in Salmonella virulence due to LSMMG may be the
result of contributions of multiple genes of different functions that are regulated
as part of the global reprogramming of Salmonella under LSMMG conditions.
Secondary assays including RT-PCR and LPS gels were used to confirm the hits
obtained from the microarray analysis. In addition, since the authors noticed that
ferric uptake regulator (Fur) protein-binding sites were associated with many of
the genes found in the analysis, they tested the ability of an S. Typhimurium fur
mutant strain to increase acid stress resistance under LSMMG conditions (as pre-
viously observed with the wild-type strain). The fur mutant did not display this
phenotype, thus indicating that the fur gene may play a role in the response of S.
Typhimurium to LSMMG.

Given the global alterations in molecular genetic and phenotypic responses of
S. Typhimurium to LSMMG culture, it was hypothesized that the rpoS gene was
a likely candidate for playing a role in LSMMG signal transmission, as it is a
master regulator of the stress and virulence responses in many bacteria (Hengge-
Aronis 2000; Dong and Schellhorn 2010). Specifically, an S. Typhimurium strain
containing an rpoS mutation was extensively and systematically compared to an
isogenic wild-type strain for responses to LSMMG culture (Wilson et al. 2002b).
This study provided key information regarding the bacterial LSMMG response:
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(1) the rpoS gene is not required for S. Typhimurium to display LSMMG-induced
phenotypes (analyzed in exponential phase of growth), (2) LSMMG alters resis-
tance to other stresses besides acidic and intracellular macrophage survival,
including osmotic, thermal, and oxidative stresses, and (3) cells grown in LSMMG
in minimal media show a shorter lag phase and doubling time compared to control
cultures.

A follow-up study demonstrated a progressive relationship between the applied
fluid-shear in the RWV bioreactor and pathogenesis-related molecular genetic and
phenotypic responses of S. Typhimurium (Nauman et al. 2007). When exposed to
progressively increasing fluid-shear levels in the RWYV, planktonic cultures of S.
Typhimurium displayed corresponding progressive changes in acid and thermal
stress responses and targeted gene expression profiles, including rtsA, a regulatory
protein implicated in Salmonella intestinal invasion. This was the first study to pro-
vide evidence that incremental changes in fluid-shear can cause corresponding
changes in biological responses in S. Typhimurium during the infection process and
may lead to discovery of new targets for antimicrobial therapeutic development
against Salmonella and other pathogens.

The initial studies investigating the impact of LSMMG (and later the spaceflight
environment) on microbial virulence focused on S. Typhimurium strain 3339,
which causes gastroenteritis in humans. Interestingly, a subsequent study investi-
gated the effect of LSMMG culture on a different S. Typhimurium strain (D23580),
which is a multidrug-resistant clinical isolate of ST313 causing life-threatening sys-
temic infections (Yang et al. 2016). Unlike classic gastrointestinal Salmonella
strains (e.g., x3339), gastroenteritis is often absent during ST313 clinical infections
and isolates are most commonly recovered from blood, rather than from stool in
patients—suggesting the possibility that these isolates may be routinely exposed to
the higher fluid-shear conditions found in the blood stream—which in turn may
shape their responses to different fluid shear forces. This study showed that D23580
does indeed respond to fluid shear forces; however, it does so in a distinctly different
manner relative to classic S. Typhimurium strains that cause gastroenteritis.
Specifically, exposure of D23580 to high fluid shear (relevant to those encountered
in areas of the bloodstream) increased its virulence potential and enhanced resis-
tance to select environmental stressors.

18.3 Spaceflight Culture of Salmonella enterica Serovar
Typhimurium

To determine whether the true microgravity environment of spaceflight alters bac-
terial virulence and gene expression in a similar manner to that of spaceflight-
analog (LSMMG) culture, a flight experiment designated as MICROBE was flown
aboard Space Shuttle mission STS-115 (Wilson et al. 2007). MICROBE was the
first experiment to examine the effect of spaceflight on the virulence of a pathogen,
and the first to obtain the entire molecular genetic response (transcriptomic and
proteomic) of a bacterium to spaceflight. In this experiment, split samples of S.
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Typhimurium were grown in otherwise identical environmental conditions aboard
the Shuttle during spaceflight and on the ground in the Orbital Environmental
Simulator (OES) room at the Kennedy Space Center. Growth of S. Typhimurium
was initiated in both settings after the Shuttle was established in microgravity con-
ditions of orbit. A portion of the S. Typhimurium spaceflight cultures were pre-
served with fixative on orbit to preserve samples for RNA/protein analysis to
measure gene expression changes (via microarray and proteomic assays); while the
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Fig. 18.2 S. Typhimurium virulence in LB, M9, and LB-M9 spaceflight cultures. (a) Ratio of
LDs, values of S. Typhimurium spaceflight and ground cultures grown in LB (Lennox Broth), M9
(minimal carbon, high salt medium), or LB-M9 salts media (Lennox Broth supplemented with
NaH,PO,, KH,PO,, NH,Cl, NaCl, and MgSO,) from STS-115 and STS-123 shuttle mission.
Female Balb/c mice were perorally infected with a range of bacterial doses from either spaceflight
or ground cultures and monitored over a 30-day period for survival. (b) Time-to-death curves of
mice infected with spaceflight and ground cultures from STS-115 (infectious dosage: 107 bacteria
for both media). (¢) Time-to-death curves of mice infected with spaceflight and ground cultures
from STS-123 (infectious dosage: 10° bacteria for LB and 107 bacteria for M9 and LB-M9 salts).
Infectious dosages were selected such that the rates in time-to-death facilitated normalized com-
parisons across the different media. (d) SEM of spaceflight and synchronous ground control cul-
tures of S. Typhimurium bacteria showing the formation of an extracellular matrix and associated
cellular aggregation of spaceflight cells suggesting biofilm formation (magnification: x3500)
(Wilson et al. 2007)
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other portion of cultures were supplemented with fresh media and used (upon
return to ground) for murine infections to measure virulence. Remarkably, the vir-
ulence assay results mimicked what was observed in LSMMG conditions in that
the spaceflight cultures displayed increased virulence as measured by (1) decreased
time to death, (2) decreased LDs, and (3) increased percent mortality across mul-
tiple infectious dosages (given perorally) in murine infections as compared to
ground controls (Fig. 18.2). In addition, 167 transcripts and 73 proteins were
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identified to change expression in response to spaceflight, and these genes were
globally distributed across the S. Typhimurium genome and belonged to a variety
of functional groups. Of the genes identified in microarray analysis, a preponder-
ance belonged to the Hfq regulon (including those encoding small regulatory
RNAs, outer membrane proteins, ribosomal proteins, stress response proteins,
plasmid transfer functions, iron metabolism, and ion transport) as well as the hfg
gene itself (which was downregulated) (Table 18.1). Hfq is a highly conserved
bacterial RNA chaperone protein that binds to small regulatory RNAs thereby
facilitating their association with mRNAs, the result of which plays a diverse role
in global regulation of prokaryotic gene expression, virulence, and physiology in
response to stress (Gottesman 2004; Majdalani et al. 2005; Gottesman et al. 2006;
Guisbert et al. 2007; Pfeiffer et al. 2007; Sittka et al. 2007, 2008). The spaceflight-
induced Hfq regulon gene changes were up- or downregulated in correlation with
a decrease in hfg gene expression. This finding corroborates previous microarray
analysis during S. Typhimurium culture in LSMMG, where the hfg gene is also
downregulated (Wilson et al. 2002a). Moreover, the number of downregulated
genes (98) was larger than the number of upregulated genes (69) in response to
spaceflight, another similarity to the LSMMG microarray results. Interestingly,
Hfq also regulates expression of the Fur protein, which was found to play a role in
the LSMMG-induced acid stress response in S. Typhimurium. Subsequent LSMMG
ground-based studies using an isogenic hfg mutant strain of S. Typhimurium not
only supported involvement of Hfq in the S. Typhimurium response to micrograv-
ity but also established the utility of using the RWV in the laboratory to confirm
observations obtained from spaceflight experiments. Interestingly, electron micro-
scopic evaluation of S. Typhimurium spaceflight samples revealed striking differ-
ences in cellular aggregation and clumping that was associated with the formation
of an extracellular matrix reminiscent of biofilms as compared to the ground con-
trol cultures (Fig. 18.2d) (Wilson et al. 2007). This phenotypic observation was
consistent with corresponding differences in the expression of genes associated
with biofilm formation and may play a role in the enhanced virulence of the organ-
isms grown in space.

Spaceflight studies of Salmonella demonstrate that microgravity culture impacts
a wide range of microbial characteristics, including growth, morphology, survival,
metabolism, and gene expression (Nickerson et al. 2004; Wilson et al. 2007, 2008).
However, these experiments, as well as experiments with other microorganisms,
have been done with pure cultures using relatively short-duration studies (typically
<96 h). Long-term heritable changes, resulting from natural selection and microbial
evolution, also need to be addressed particularly in the context of human explora-
tion class missions (e.g., Mars mission) during which changes in the spacecraft
and human microbiome would undoubtedly occur and could pose a risk to mis-
sion success. Indeed, the first experiment to look at the impact of long-duration
spaceflight culture on microbial responses will launch to the ISS in late 2018. This
study (entitled EVOLVES) is led by Principal Investigator Cheryl Nickerson from
Arizona State University and will characterize the functional response of wildtype
and mutant Salmonella strains to long-term multigenerational growth in the
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chronic stress of microgravity by examining a range of genotypic, molecular
genetic and phenotypic responses (https://humanresearchroadmap.nasa.gov/Tasks/
task.aspx?i=436). These studies will provide clear evidence as to whether micro-
gravity creates selective mutations that could impact human exploration of deep
space.

18.4 Role of lon Composition on Spaceflight-Induced
Virulence

The results of the MICROBE experiment aboard STS-115 led to a follow-up experi-
ment, designated MDRYV, aboard STS-123. The goal of this experiment was to (1)
confirm the experimental results from STS-115, and (2) determine if altering the ion
composition of the growth medium could decrease the spaceflight-induced increase
in virulence (Wilson et al. 2008). The hypothesis that manipulation of ion concen-
trations could counteract or inhibit the spaceflight-associated increase in Salmonella
virulence was based on initial results from the MICROBE experiment, which sug-
gested that S. Typhimurium cultures grown in a minimal carbon, high-salt medium
called M9 did not respond with the same spaceflight-induced increase in virulence
observed with Lennox broth (LB). In a rare opportunity to replicate a spaceflight
result, the data from STS-123 fully supported the results from STS-115 in that (1)
S. Typhimurium spaceflight cultures grown in LB medium displayed increased viru-
lence in murine infection compared to ground controls, and (2) the spaceflight cul-
tures grown in M9 did not display increased virulence compared to controls
(Fig. 18.2). Moreover, the addition of similar concentrations of five key inorganic
salts found in M9 medium (NaH,PO,, KH,PO,, NH,Cl, NaCl, and MgSO,) to the
LB medium reversed the increase in virulence of spaceflight cultures grown in LB
medium alone. Interestingly, although different virulence responses were observed
in spaceflight cultures grown in the LB and M9 media, significant similarities in
gene and protein expression profiles indicated involvement of the Hfq regulon in
either media. Subsequent ground-based investigations using the RWV reinforced
the flight data indicating an inhibitory effect of high ion concentrations in the growth
medium on pathogenesis-related responses. By systematically adding different
combinations of the inorganic salts to the LB medium in the RWYV, phosphate ion
(PO,) was isolated as the key component to repressing this microbial pathogenesis-
related response (Wilson et al. 2008).

New discoveries using S. Typhimurium as a model organism are continuing as a
follow-up flight experiment to build upon results obtained from MICROBE and
MDRY, and were flown on STS-131 (April, 2010). This experiment, designated as
STL-IMMUNE, was the first experiment to conduct an in-flight infection of human
cells (intestinal) with a microbial pathogen (S. Typhimurium). The data from this
spaceflight experiment will provide insight into alterations in host—pathogen interac-
tions that occur during spaceflight and will unveil the cellular and molecular


https://urldefense.proofpoint.com/v2/url?u=https-3A__humanresearchroadmap.nasa.gov_Tasks_task.aspx-3Fi-3D436&d=DwMFAg&c=l45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ&r=ThhGxUbvamXdY1uUv7_lXolvkwiTmnll00YJLO4XxaI&m=yRQvmwlSzyPEUhsWQ1pa41gfQVU3mwdYKtA_EvlP9yU&s=CGj3LGFBYOyQTuE8EpK1tbLb9vyfdnqycPnexjjOERY&e=
https://urldefense.proofpoint.com/v2/url?u=https-3A__humanresearchroadmap.nasa.gov_Tasks_task.aspx-3Fi-3D436&d=DwMFAg&c=l45AxH-kUV29SRQusp9vYR0n1GycN4_2jInuKy6zbqQ&r=ThhGxUbvamXdY1uUv7_lXolvkwiTmnll00YJLO4XxaI&m=yRQvmwlSzyPEUhsWQ1pa41gfQVU3mwdYKtA_EvlP9yU&s=CGj3LGFBYOyQTuE8EpK1tbLb9vyfdnqycPnexjjOERY&e=

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence 343

mechanisms behind those changes. This information has the potential to significantly
change microbial risk assessment and operational requirements during a mission.

The discovery that spaceflight culture increased the virulence of Salmonella, yet
genes known to be important for the virulence of this pathogen were not regulated
as expected when this organism is grown on Earth, led to a follow-up experiment
aboard Space Shuttle mission STS-135 in an effort to translate these research find-
ings toward medical applications. Specifically, researchers investigated the impact
of spaceflight culture on the protective immunogenicity and gene expression of live
Recombinant Attenuated Salmonella Vaccine (RASV) strains, including those in
clinical trials. These genetically engineered vaccine strains are used as carriers to
infect the host and deliver protective antigens against different microbial pathogens
to the immune system (Curtiss et al. 2009, 2010; Li et al. 2009; Shi et al. 2010a, b).
The ultimate goal of this spaceflight vaccine initiative experiment was to accelerate
the development of RASYV strains carrying a protective antigen against Streptococcus
pneumonia (or pneumococcus) by (1) enhancing their ability to safely induce a
potent and protective immune response and (2) unveiling novel gene targets to
develop new and improved existing vaccine strains. Pneumococcus causes life-
threatening diseases, such as pneumonia, meningitis, and bacteremia, and kills over
ten million people annually—and is particularly dangerous for newborns and the
elderly, who are less responsive to current anti-pneumococcal vaccines. Experiments
like these hold the potential to benefit astronauts on future exploration missions and
the general public on Earth (Sarker et al. 2010).

18.5 The Response of Pseudomonas aeruginosa
to Spaceflight and Spaceflight Analog Conditions:
Similarities and Differences as Compared to Salmonella

As a versatile, ubiquitous bacterium that is occasionally part of the normal human
flora, P. aeruginosa can also survive in extraterrestrial habitats, as evidenced by its
isolation from the potable water system on the ISS and from Apollo crewmembers
(Taylor 1974; Hawkins and Ziegelschmid 1975; Castro et al. 2004; Bruce et al.
2005). Astronaut cross-contamination with P. aeruginosa has been reported during
short-term missions emphasizing the potential of this infectious agent to rapidly
spread among crewmembers (Taylor 1974). Thus far, the presence of P. aeruginosa
in the spaceflight vehicle has led to one reported incapacitating urinary tract infec-
tion in-flight (Taylor 1974). In addition to the importance for astronaut safety,
studying the behavior of P. aeruginosa in the low fluid-shear conditions of micro-
gravity provides insights into the role that low fluid-shear regions in the human
body play in triggering virulence characteristics.

In a seminal spaceflight study, McLean et al., demonstrated that P. aeruginosa
formed biofilms on polycarbonate membranes that were strongly resistant to
mechanical disruption (McLean et al. 2001). More recent studies discovered that
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the microgravity environment of spaceflight increased the formation of biofilms
by P. aeruginosa, and resulted in a unique biofilm architecture, referred to as
column-and-canopy by the authors (Kim et al. 2013b). Specifically, biofilms
grown in spaceflight on cellulose ester membrane discs generated column-shaped
structures overlaid by canopies (resembling mushroom-shaped biofilms typically
observed in flow cells), while biofilms formed under ground control conditions
were flat (commonly observed under static conditions). Since an increased oxy-
gen supply abolished the observed differences between biofilms grown under
microgravity and control conditions, oxygen limitation in microgravity condi-
tions was proposed to play a role in the observations (Kim et al. 2013a). The
spaceflight environment has also been shown to result in higher P. aeruginosa
densities following 72 h of culture in modified artificial urine medium (Kim et al.
2013a). The authors proposed that phosphate and oxygen limitations under
spaceflight growth conditions were the causative factors for the observed
increased bacterial densities (Kim et al. 2013a). In a separate study, the suscep-
tibility of P. aeruginosa to antibiotics was examined with cultures grown in
spaceflight and phenotypic analysis done on Earth using antibiotic disc tests on
solid media. A decreased susceptibility to the polymyxin antibiotic colistin was
observed, as well as an increased susceptibility to cephalothin, polymyxin B, and
rifampixin (Juergensmeyer et al. 1999).

Future research into the development and impact of biofilms during spaceflight
is critical to protect crew health, vehicle systems/integrity, and mission success.
However, biofilm formation and architecture has only been studied in spaceflight
experiments using single, pure cultures of microorganisms. To better understand
the impact of microgravity on the formation, architecture, disinfection sensitivity,
and corrosion potential of polymicrobial biofilms, a new spaceflight study led by
Robert McLean at Texas State University will investigate the development of bio-
films created by co-cultures of P. aeruginosa and Escherichia coli, the ability of
silver solutions to disinfect these biofilms, and the corrosion caused by these bio-
films on stainless steel. These studies will provide new evidence as to whether
current biofilm control is adequate for spacecraft during human exploration of
deep space.

The transcriptional and proteomic responses of P. aeruginosa to spaceflight con-
ditions were profiled as a part of the MICROBE experiment (Crabbé et al. 2011).
Intriguingly, Hfq and a significant part of the Hfq regulon were differentially regu-
lated by P. aeruginosa in spaceflight. As described above, Hfq was initially identi-
fied as a key regulator in the LSMMG and spaceflight response of S. Typhimurium
(Wilson et al. 2002a, 2007, 2008). Hence, Hfq is the first transcriptional regulator
ever shown to be involved in the spaceflight response across bacterial species.
Among the genes with the highest fold inductions in spaceflight-grown P. aerugi-
nosa were those encoding the lectins, LecA and LecB. Lectins play a role in the
bacterial adhesion process to eukaryotic cells, and have clinically important cyto-
toxic effects (Gilboa-Garber et al. 1977; Bajolet-Laudinat et al. 1994; Chemani
et al. 2009). Another virulence gene that was induced by P. aeruginosa in response
to spaceflight culture conditions was rhlA, which encodes rhamnosyltransferase I
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involved in rhamnolipid surfactant biosynthesis. Rhamnolipids are glycolipidic
surface-active molecules with cytotoxic and immunomodulatory effects in eukary-
otic cells (McClure and Schiller 1996; Davey et al. 2003; Pamp and Tolker-Nielsen
2007). Furthermore, spaceflight induced the expression of genes and proteins
involved in the anaerobic growth of P. aeruginosa. Indeed, more limited oxygen
availability could occur in spaceflight conditions due to low fluid-shear and thus,
low mixing growth conditions. In a separate study, the gene expression profiles of P.
aeruginosa and S. Typhimurium cultured in spaceflight were compared using a sys-
tems biology approach. Common pathways that were differentially regulated under
spaceflight conditions in both organisms included pathways related to ribosome
synthesis, RNA degradation, protein export, flagellar assembly, methane metabo-
lism, toluene degradation, oxidative phosphorylation, TCA cycle, glycolysis, and
purine and pyrimidine metabolism (Roy et al. 2016).

The cultivation of P aeruginosa PAO1 in spaceflight analog conditions
(LSMMG) in the RWV (28°C) in LB medium induced a transcriptomic and

Fig. 18.3 Biofilm formation of P. aeruginosa in LSMMG (a and ¢) and higher shear (b and d)
conditions using the RWYV bioreactor. Panels a and b show P. aeruginosa PAO1 grown in LB
medium and the gas-permeable membrane on the backside of the vessel was stained with Crystal
Violet to detect biofilm formation. The decanted culture was collected in Falcon tubes (center).
Panels ¢ and d show SEM images of P. aeruginosa CF isolate PA39 grown in artificial sputum
medium. Magnification = 4500x (Dingemans et al. 2016)
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phenotypic profile related to virulence (Crabbé et al. 2010). More specifically,
PAOI1 produced higher amounts of the exopolysaccharide alginate when grown in
LSMMG, as compared to the control. Alginate is an important virulence factor in
P. aeruginosa since it restricts the diffusion of antimicrobial agents and confers
resistance to immune defense mechanisms by avoiding phagocytic uptake, scav-
enging reactive oxygen species and suppressing leukocyte function (Learn et al.
1987; Pier et al. 2001). Accordingly, an increased oxidative stress resistance in
LSMMG-grown P. aeruginosa was observed, as well as a higher transcription of
the alternative sigma factor algU, essential for alginate production. As mentioned
above, Hfq was also found to be an important regulator in the LSMMG response of
P. aeruginosa (Table 18.1) (Wilson et al. 2002a, 2007, 2008; Crabbé et al. 2010,
2011). In addition, the P. aeruginosa LSMMG regulon (comprised of 134 genes)
included genes involved in stress resistance, motility, and microaerophilic/anaero-
bic metabolism.

Another impact of low fluid-shear was demonstrated in a study where LSMMG-
grown P. aeruginosa (37°C) formed dense self-aggregating biofilms in LB
medium (Fig. 18.3a) (Crabbé et al. 2008) in contrast to membrane-attached bio-
films formed in the higher fluid shear control orientation (Fig. 18.3b). Interestingly,
the phenotypic and gene expression profiles grown in LSMMG showed similari-
ties with those of P. aeruginosa found in lung secretions of cystic fibrosis (CF)
patients (Lam 1980; Singh et al. 2000; Sriramulu et al. 2005; Bjarnsholt et al.
2009). In CF patients, the formation of drug-resistant and/or tolerant microcolo-
nies by P. aeruginosa in the dense and viscous lung mucus is the major cause of
mortality (Wagner and Iglewski 2008). Low fluid-shear zones are believed to be
present in the lung mucus of CF patients due to the absence of mucociliary clear-
ance, which represents the main shear-causing factor in the normal lung mucus
(Blake 1973). Recently, LSMMGe-induced self-aggregating biofilms were also
reported for a highly adapted, transmissible P. aeruginosa CF isolate cultured in
artificial sputum medium (Fig. 18.3c, d) (Dingemans et al. 2016). Using a P. aeru-
ginosa strain and growth medium relevant for the CF lung environment resulted
in the induction of additional pathways by LSMMG that are involved in the
metabolism and virulence of this microorganism in the CF patient population
(Dingemans et al. 2016).

18.6 How Universal Is the Microbial Response to Spaceflight
and Spaceflight Analog Culture?

The studies described in the previous sections involving S. Typhimurium and P.
aeruginosa provide key examples of two biomedically important human patho-
gens that exhibit a variety of similarities and differences in their responses to
spaceflight and spaceflight-analog culture. While these organisms have
received the most extensive degree of study, the response of other pathogens to
these environments have also been investigated, and results from these studies
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suggest both potential common mechanisms as well as a myriad of different
responses.

For example, Staphylococcus aureus is a Gram-positive bacterium of particular
importance to crew health due to its prevalence and reported transmission aboard
spacecraft (Pierson et al. 1996; Castro et al. 2004). RW V-cultured S. aureus dis-
played slower growth and generally repressed virulence characteristics, including
decreased carotenoid production (Rosado et al. 2010; Castro et al. 2011), decreased
capacity to lyse red blood cells (Rosado et al. 2010), increased susceptibility to
oxidative stress (Castro et al. 2011), reduced survival in whole blood (Castro et al.
2011), and intriguingly, increased formation of a biofilm phenotype (Castro et al.
2011). Furthermore, molecular genetic expression analysis revealed the downregu-
lation of the RNA chaperone protein Hfq, which parallels the response of S.
Typhimurium to LSMMG culture. This common association with Hfq in both
Gram-positive and Gram-negative organisms suggests an evolutionarily conserved
response to fluid-shear among structurally diverse prokaryotes (Castro et al. 2011).
However, unlike S. Typhimurium and P. aeruginosa, these results suggest S. aureus
responds to the RWV environment by initiating a biofilm phenotype with dimin-
ished virulence characteristics that may enable the organism to establish a long
term commensal relationship with the host. Collectively, these comparisons may
provide unique insight into key factors influencing the delicate balance between
infection and colonization by S. aureus during the initial host—pathogen
interaction.

In addition, other Enterobacteriaceae have been profiled in response to LSMMG
culture to determine the conserved nature of this response (Pacello et al. 2012; Soni
etal. 2014). For example, a study by Soni et al. evaluated various Enterobacteriaceae
from different genera in a systematic “side-by-side” manner. Evaluations of S.
Typhimurium, E. coli, Enterobacter cloacae, Citrobacter freundii, and Serratia
marcescens revealed essentially identical growth kinetics in both the LSMMG and
control orientation for each organism. Each species was also profiled for LSMMG-
induced stress resistance at stationary phase, including acid and oxidative stress.
These studies confirmed that culture in LSMMG altered the acid stress response of
most of these microorganisms, however some became more sensitive while others
became more tolerant. Notably, C. freundii did not display any change in acid stress
response. When evaluated for changes in oxidative stress response, all cultures
grown in LSMMG became more sensitive to oxidative stress. In addition, qRT-PCR
analysis demonstrated that the molecular genetic response of these species to
LSMMG is conserved across Enterobactericeae (e.g., hfg, trpD, and ydcl), but the
direction of gene expression changes (i.e. up or down) can vary depending on the
genus.

The number and variety of microorganisms that have been studied in spaceflight
and spaceflight analog culture is extensive, and beyond the scope of this chapter.
However, several other findings from experiments investigating the responses of
medically significant microorganisms during culture in these environments are pre-
sented in Table 18.2.
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Fig. 18.4 Scanning electron microscopy image of Candida albicans cultured under spaceflight
conditions aboard Space Shuttle STS-115 (a) or in ground control conditions (b). Random budding
was only observed in cells cultured under spaceflight conditions (white arrows), while bipolar bud-
ding patterns were observed for ground controls (grey arrows). Magnification = 8000x (Crabbé
etal. 2013)

18.7 Importance to Spaceflight and Life on Earth: The Future
Has Started Now

As humans explore space, microorganisms will travel with them. Thus, under-
standing microbial responses to spaceflight will have a tremendous impact on how
we design our spaceflight vehicles, build bioregenerative systems, grow food dur-
ing a mission, and mitigate the risk of infectious disease to the crew. While several
key studies have provided critical mechanistic insight into how microbial responses
to the spaceflight environment may affect virulence, many questions still remain
unanswered. Indeed, spaceflight-induced alterations in microbial virulence have
just begun to be investigated. The impact of these changes on the host—pathogen
interaction during spaceflight and corresponding clinical implications for a poten-
tially susceptible crew is still unclear. Beyond prevention of exposure, antibiotics
are the primary countermeasure to microbial infection during a spaceflight mis-
sion. Previous spaceflight experiments have identified increases in antibiotic resis-
tance for organisms such as E. coli (kanamycin and colistin) and S. aureus
(oxacillin, chloramphenicol, and erythromycin) in response to spaceflight culture
(Tixador et al. 1985). The lack of conclusive information on changes in antibiotic
resistance for a broad range of microorganisms and corresponding pharmacokinet-
ics indicates a large knowledge gap in infectious disease control, although recent
approaches may allow a better prediction (Sommer et al. 2017). Interestingly, the
use of microgravity and space flight conditions and its distinct effects on microbial
resistance may serve as an additional tool in this direction. Moreover, understand-
ing the microbiota to which the crew will be exposed, and how spaceflight alters
the microbial consortia and interactions with the crew, is one of the cornerstones of
microbiological risk assessment during a mission. While microorganisms associ-
ated with the environment and food supply have been the focus of operational
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monitoring efforts, very little is known about the changes in crew and spacecraft
microbiome during a mission while multiple new investigations are under way.
Likewise, little is known about mutation rates and heritable changes in all micro-
organisms associated with the crew and their environment during a mission—and
nothing is known of long-term spaceflight-induced changes to either the host or
pathogen. Alone or in combination, these factors could dramatically affect the
impact of microorganisms on spaceflight mission success since the resistancies and
the specific antibiotic’ availabilities are unforeseeable variables. As we look to the
future and introduction of commercial spaceflights with greater civilian participa-
tion, including spaceflight tourism, we need a greater understanding of the unique
microbial risks associated with human spaceflight. Moreover, lessons learned from
spaceflight studies have profound implications for the general public, in terms of
expanding our knowledge of (1) the mechanisms of microbial pathogenesis, which
hold potential for development of novel strategies to a point of care diagnosis,
allowing optimized treatments, and—most efficiently—to prevent infectious dis-
ease, and (2) the human microbiome and how stressful environments (see Chap.
34) alter the relationship between host and commensal that determine the transition
between normal homeostasis and disease progression (http://commonfund.nih.
gov/hmp/).

References

Abshire CF, Prasai K, Soto I, Shi R, Concha M, Baddoo M et al (2016) Exposure of Mycobacterium
marinum to low-shear modeled microgravity: effect on growth, the transcriptome and survival
under stress. NPJ Microgravity 2:16038

Allen CA, Galindo CL, Pandya U, Watson DA, Chopra AK et al (2007) Transcription profiles
of Streptococcus pneumoniae grown under different conditions of normal gravitation. Acta
Astronaut 60:433-444

Allen CA, Niesel DW, Torres AG (2008) The effects of low-shear stress on adherent-invasive
Escherichia coli. Environ Microbiol 10:1512-1525

Altenburg SD, Nielsen-Preiss SM, Hyman LE (2008) Increased filamentous growth of Candida
albicans in simulated microgravity. Genomics Proteomics Bioinformatics 6:42-50

Bajolet-Laudinat O, Girod-de Bentzmann S, Tournier JM, Madoulet C, Plotkowski MC, Chippaux
C et al (1994) Cytotoxicity of Pseudomonas aeruginosa internal lectin PA-I to respiratory
epithelial cells in primary culture. Infect Immun 62:4481-4487

Berry D, Volz PA (1979) Phosphate uptake in Saccharomyces cerevisiae Hansen wild type and
phenotypes exposed to space flight irradiation. Appl Environ Microbiol 38:751-753

Bjarnsholt T, Jensen PO, Fiandaca MJ, Pedersen J, Hansen CR, Andersen CB et al (2009)
Pseudomonas aeruginosa biofilms in the respiratory tract of cystic fibrosis patients. Pediatr
Pulmonol 44:547-558

Blake J (1973) A note on mucus shear rates. Respir Physiol 17:394-399

Bruce RJ, Ott CM, Skuratov VM, Pierson DL (2005) Microbial surveillance of potable water
sources of the International Space Station. SAE Trans 114:283-292

Carvalho HM, Teel LD, Goping G, O’Brien AD (2005) A three-dimensional tissue culture model
for the study of attach and efface lesion formation by enteropathogenic and enterohaemor-
rhagic Escherichia coli. Cell Microbiol 7:1771-1781

Castro VA, Trasher AN, Healy M, Ott CM, Pierson DL (2004) Microbial characterization during
the early habitation of the International Space Station. Microb Ecol 47:119-126


https://doi.org/10.1007/978-3-030-16996-1_34
http://commonfund.nih.gov/hmp/
http://commonfund.nih.gov/hmp/

352 C.M.Ottetal.

Castro SL, Nelman-Gonzalez M, Nickerson CA, Ott CM (2011) Low fluid shear culture of
Staphylococcus aureus induces attachment-independent biofilm formation and represses hfg
expression. Appl Environ Microbiol 77(18):6368—-6378

Chemani C, Imberty A, de Bentzmann S, Pierre M, Wimmerova M, Guery BP et al (2009) Role of
LecA and LecB lectins in Pseudomonas aeruginosa-induced lung injury and effect of carbohy-
drate ligands. Infect Immun 77:2065-2075

Chopra V, Fadl AA, Sha J, Chopra S, Galindo CL, Chopra AK (2006) Alterations in the virulence
potential of enteric pathogens and bacterial-host cell interactions under simulated microgravity
conditions. J Toxicol Environ Health A 69:1345-1370

Crabbé A, De Boever P, Van Houdt R, Moors H, Mergeay M, Cornelis P (2008) Use of the rotating
wall vessel technology to study the effect of shear stress on growth behaviour of Pseudomonas
aeruginosa PAO1. Environ Microbiol 10:2098-2110

Crabbé A, Pycke B, Van Houdt R, Monsieurs P, Nickerson C, Leys N et al (2010) Response of
Pseudomonas aeruginosa PAO1 to low shear modelled microgravity involves AlgU regulation.
Environ Microbiol 12:1545-1564

Crabbé A, Schurr MJ, Monsieurs P, Morici L, Schurr J, Wilson JW et al (2011) Transcriptional and
proteomic responses of Pseudomonas aeruginosa PAO1 to spaceflight conditions involve Hfq
regulation and reveal a role for oxygen. Appl Environ Microbiol 77:1221-1230

Crabbé A, Nielsen-Preiss SM, Woolley CM, Barrila J, Buchanan K et al (2013) Spaceflight
enhances cell aggregation and random budding in Candida albicans. PLoS One
8(12):e80677

Curtiss R III, Wanda SY, Gunn BM, Zhang X, Tinge SA et al (2009) Salmonella enterica serovar
Typhimurium strains with regulated delayed attenuation in vivo. Infect Immun 77(3):1071-1082

Curtiss R III, Xin W, Li Y, Kong W, Wanda SY et al (2010) New technologies in using recombinant
attenuated Salmonella vaccine vectors. Crit Rev Immunol 30(3):255-270

Davey ME, Caiazza NC, O’Toole GA (2003) Rhamnolipid surfactant production affects biofilm
architecture in Pseudomonas aeruginosa PAO1. J Bacteriol 185:1027-1036

Dickson KJ (1991) Summary of biological spaceflight experiments with cells. ASGSB Bull
4:151-260

Dingemans J, Monsieurs P, Yu SH, Crabbé A, Forstner KU et al (2016) Effect of shear stress
on Pseudomonas aeruginosa isolated from the cystic fibrosis lung. MBio 7(4). https://doi.
org/10.1128/mBi0.00813-16

Dong T, Schellhorn HE (2010) Role of RpoS in virulence of pathogens. Infect Immun 78:887-897

Gao Q, Fang A, Pierson DL, Mishra SK, Demain AL (2001) Shear stress enhances microcin B17
production in a rotating wall bioreactor, but ethanol stress does not. Appl Microbiol Biotechnol
56:384-387

Gilboa-Garber N, Mizrahi L, Garber N (1977) Mannose-binding hemagglutinins in extracts of
Pseudomonas aeruginosa. Can J Biochem 55:975-981

Gottesman S (2004) The small RNA regulators of Escherichia coli: roles and mechanisms. Annu
Rev Microbiol 58:303-328

Gottesman S, McCullen CA, Guillier M, Vanderpool CK, Majdalani N, Benhammou J et al (2006)
Small RNA regulators and the bacterial response to stress. Cold Spring Harb Symp Quant Biol
71:1-11

Gueguinou N, Huin-Schohn C, Bascove M, Bueb JL, Tschirhart E, Legrand-Frossi C et al (2009)
Could spaceflight-associated immune system weakening preclude the expansion of human
presence beyond Earth’s orbit? J Leukoc Biol 86:1027-1038

Guisbert E, Rhodius VA, Ahuja N, Witkin E, Gross CA (2007) Hfq modulates the sigmaE-mediated
envelope stress response and the sigma32-mediated cytoplasmic stress response in Escherichia
coli. J Bacteriol 189:1963—-1973

Hawkins WR, Ziegelschmid JF (1975) Clinical aspects of crew health. In: Johnson RS, Dietlein
LF, Berry CA (eds) Biomedical results of Apollo, SP-368. NASA Spec. Rep, Washington, DC,
pp 43-81

Hengge-Aronis R (2000) The general stress response in Escherichia coli. In: Storz G, Hengge-
Aronis R (eds) Bacterial stress responses. ASM Press, Washington, DC


https://doi.org/10.1128/mBio.00813-16
https://doi.org/10.1128/mBio.00813-16

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence 353

Hiebel TL, Volz PA (1977) Foreign body reactions induced by fungi irradiated in space. Phytologia
35:365-372

Horneck G, Klaus DM, Mancinelli RL (2010) Space microbiology. Microbial Mol Biol Rev
74(1):121-156

Johanson K, Allen PL, Lewis F, Cubano LA, Hyman LE, Hammond TG (2002) Saccharomyces
cerevisiae gene expression changes during rotating wall vessel suspension culture. J Appl
Physiol 93:2171-2180

Juergensmeyer MA, Juergensmeyer EA, Guikema JA (1999) Long-term exposure to spaceflight
conditions affects bacterial response to antibiotics. Microgravity Sci Technol 12(1):41-47

Kacena MA, Todd P (1999) Gentamicin: effect on E. coli in space. Microgravity Sci Technol
12:135-137

Kim HW, Rhee MS (2016) Influence of low-shear modeled microgravity on heat resistance,
membrane fatty acid composition, and heat stress-related gene expression in Escherichia
coli O157:H7 ATCC 35150, ATCC 43889, ATCC 43890, and ATCC 43895. Appl Environ
Microbiol 82(10):2893-2901

Kim W, Tengra FK, Shong J, Marchand N, Chan HK et al (2013a) Effect of spaceflight on
Pseudomonas aeruginosa final cell density is modulated by nutrient and oxygen availability.
BMC Microbiol 13:241

Kim W, Tengra FK, Young Z, Shong J, Marchand N et al (2013b) Spaceflight promotes biofilm
formation by Pseudomonas aeruginosa. PLoS One 8(4):¢62437

Kim HW, Matin A, Rhee MS (2014) Microgravity alters the physiological characteristics of
Escherichia coli O157:H7 ATCC 35150, ATCC 43889, and ATCC 43895 under different nutri-
ent conditions. Appl Environ Microbiol 80(7):2270-2278

Klaus DM (2001) Clinostats and bioreactors. Gravit Space Biol Bull 14:55-64

Klaus DM, Howard HN (2006) Antibiotic efficacy and microbial virulence during space flight.
Trends Biotechnol 24:131-136

Lam J (1980) Production of mucoid microcolonies by Pseudomonas aeruginosa within the
infected lungs in cystic fibrosis. Infect Immun 28:546-556

Learn DB, Brestel EP, Seetharama S (1987) Hypochlorite scavenging by Pseudomonas aeruginosa
alginate. Infect Immun 55:1813-1818

LiY, Wang S, Scarpellini G, Gunn B, Xin W et al (2009) Evaluation of new generation Salmonella
enterica serovar Typhimurium vaccines with regulated delayed attenuation to induce immune
responses against PspA. Proc Natl Acad Sci U S A 106(2):593-598

Lynch SV, Brodie EL, Matin A (2004) Role and regulation of sigma S in general resistance con-
ferred by low-shear simulated microgravity in Escherichia coli. ] Bacteriol 186:8207-8212

Lynch SV, Mukundakrishnan K, Benoit MR, Ayyaswamy PS, Matin A (2006) Escherichia coli bio-
films formed under low-shear modeled microgravity in a ground-based system. Appl Environ
Microbiol 72:7701-7710

Majdalani N, Vanderpool CK, Gottesman S (2005) Bacterial small RNA regulators. Crit Rev
Biochem Mol Biol 40:93-113

McClure CD, Schiller NL (1996) Inhibition of macrophage phagocytosis by Pseudomonas aeru-
ginosa rhamnolipids in vitro and in vivo. Curr Microbiol 33:109-117

McLean RJ, Cassanto JM, Barnes MB, Koo JH (2001) Bacterial biofilm formation under micro-
gravity conditions. FEMS Microbiol Lett 195(2):115-119

Nauman EA, Ott CM, Sander E, Tucker DL, Pierson D, Wilson JW et al (2007) Novel quantita-
tive biosystem for modeling physiological fluid shear stress on cells. Appl Environ Microbiol
73:699-705

Nickerson CA, Ott CM, Mister SJ, Morrow BJ, Burns-Keliher L, Pierson DL (2000) Microgravity
as a novel environmental signal affecting Salmonella enterica serovar Typhimurium virulence.
Infect Immun 68:3147-3152

Nickerson CA, Ott CM, Wilson JW, Ramamurthy R, Pierson DL (2004) Microbial responses to
microgravity and other low-shear environments. Microbiol Mol Biol Rev 68:345-361

Orsini SS, Lewis AM, Rice KC (2017) Investigation of simulated microgravity effects on
Streptococcus mutans physiology and global gene expression. NPJ Microgravity 3:4



354 C.M.Ottetal.

Ott CM (2004) Human immune function and microbial pathogenesis in human spaceflight. Paper
presented at the 10th International Symposium on Microbial Ecology, Cancun, Mexico

Pacello F, Rotilio G, Battistoni A (2012) Low-shear modeled microgravity enhances Salmonella
enterica resistance to hydrogen peroxide through a mechanism involving KatG and KatN. Open
Microbiol J 6:53-64

Pamp SJ, Tolker-Nielsen T (2007) Multiple roles of biosurfactants in structural biofilm develop-
ment by Pseudomonas aeruginosa. J Bacteriol 189:2531-2539

Pfeiffer V, Sittka A, Tomer R, Tedin K, Brinkmann V, Vogel J (2007) A small non-coding RNA
of the invasion gene island (SPI-1) represses outer membrane protein synthesis from the
Salmonella core genome. Mol Microbiol 66:1174-1191

Pier GB, Coleman F, Grout M, Franklin M, Ohman DE (2001) Role of alginate O acetylation
in resistance of mucoid Pseudomonas aeruginosa to opsonic phagocytosis. Infect Immun
69:1895-1901

Pierson DL, Chidambaram M, Heath JD, Mallary L, Mishra SK, Sharma B et al (1996)
Epidemiology of Staphylococcus aureus during space flight. FEMS Immunol Med Microbiol
16:273-281

Pierson DL, Mehta SK, Stowe RP (2007) Reactivation of latent herpes viruses in astronauts. In:
Ader R (ed) Psychoneuroimmunology. Academic, San Diego, pp 851-868

Purevdorj-Gage B, Sheehan KB, Hyman LE (2006) Effects of low-shear modeled microgravity
on cell function, gene expression, and phenotype in Saccharomyces cerevisiae. Appl Environ
Microbiol 72:4569-4575

Rosado H, Doyle M, Hinds J, Taylor PW (2010) Low-shear modelled microgravity alters expres-
sion of virulence determinants of Staphylococcus aureus. Acta Astronaut 66:408—413

Roy R, Shilpa PP, Bagh S (2016) A systems biology analysis unfolds the molecular pathways
and networks of two proteobacteria in spaceflight and simulated microgravity conditions.
Astrobiology 16(9):677-689

Sarker S, Ott CM, Barrila J, Nickerson CA (2010) Discovery of spaceflight regulated virulence
mechanisms in Salmonella and other microbial pathogens: novel approaches to commercial
vaccine development. Gravit Space Biol 23(2):75-78

Sheehan KB, Mclnnerney K, Purevdorj-Gage B, Altenburg SD, Hyman LE (2007) Yeast genomic
expression patterns in response to low-shear modeled microgravity. BMC Genomics 8:3

Shi H, Santander J, Brenneman KE, Wanda SY, Wang S et al (2010a) Live recombinant Salmonella
Typhi vaccines constructed to investigate the role of rpoS in eliciting immunity to a heterolo-
gous antigen. PLoS One 5(6):e11142

Shi H, Wang S, Roland KL, Gunn BM, Curtiss R III (2010b) Immunogenicity of a live recombi-
nant Salmonella enterica serovar typhimurium vaccine expressing pspA in neonates and infant
mice born from naive and immunized mothers. Clin Vaccine Immunol 17(3):363-371

Singh PK, Schaefer AL, Parsek MR, Moninger TO, Welsh MJ, Greenberg EP (2000) Quorum-
sensing signals indicate that cystic fibrosis lungs are infected with bacterial biofilms. Nature
407:762-764

Sittka A, Pfeiffer V, Tedin K, Vogel J (2007) The RNA chaperone Hfq is essential for the virulence
of Salmonella Typhimurium. Mol Microbiol 63:193-217

Sittka A, Lucchini S, Papenfort K, Sharma CM, Rolle K, Binnewies TT et al (2008) Deep sequenc-
ing analysis of small noncoding RNA and mRNA targets of the global post-transcriptional
regulator, Hfq. PLoS Genet 4:¢1000163

Sommer MOA, Munck C, Toft-Kehler RV, Andersson DI (2017) Prediction of antibiotic resis-
tance: time for a new preclinical paradigm? Nat Rev Microbiol 15(11):689-696. https://doi.
org/10.1038/nrmicro.2017

Soni A, O’Sullivan L, Quick LN, Ott CM, Nickerson CA, Wilson JW (2014) Conservation of the
low-shear modeled microgravity response in Enterobacteriaceae and analysis of the trp genes
in this response. Open Microbiol J 13:51-58

Sriramulu DD, Lunsdorf H, Lam JS, Romling U (2005) Microcolony formation: a novel biofilm
model of Pseudomonas aeruginosa for the cystic fibrosis lung. J Med Microbiol 54:667-676


https://doi.org/10.1038/nrmicro.2017
https://doi.org/10.1038/nrmicro.2017

18 Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence 355

Taylor GR (1974) Recovery of medically important microorganisms from Apollo astronauts.
Aerosp Med 45:824-828

Tirumalai MR, Karouia F, Tran Q, Stepanov VG, Bruce RJ et al (2017) The adaptation of
Escherichia coli cells grown in simulated microgravity for an extended period is both pheno-
typic and genomic. NPJ Microgravity 3:15

Tixador R, Richoilley G, Gasset G, Templier J, Bes JC, Moatti N et al (1985) Study of minimal
inhibitory concentration of antibiotics on bacteria cultivated in vitro in space (Cytos 2 experi-
ment). Aviat Space Environ Med 56:748-751

Tucker DL, Ott CM, Huff S, Fofanov Y, Pierson DL et al (2007) Characterization of Escherichia
coli MG1655 grown in a low-shear modeled microgravity environment. BMC Microbiol 7:15

Volz PA (1990) Mycology studies in space. Mycopathologia 109:89-98

Wagner VE, Iglewski BH (2008) P. aeruginosa biofilms in CF infection. Clin Rev Allergy Immunol
35:124-134

Wang H, Yan Y, Rong D, Wang J, Wang H et al (2016) Increased biofilm formation ability in
Klebsiella pneumoniae after short-term exposure to a simulated microgravity environment.
Microbiology Open 5(5):793-801

Wilson JW, Ramamurthy R, Porwollik S, McClelland M, Hammond T, Allen P et al (2002a)
Microarray analysis identifies Salmonella genes belonging to the low-shear modeled micro-
gravity regulon. Proc Natl Acad Sci U S A 99:13807-13812

Wilson JW, Ott CM, Ramamurthy R, Porwollik S, McClelland M, Pierson DL et al (2002b)
Low-Shear modeled microgravity alters the Salmonella enterica serovar Typhimurium stress
response in an RpoS-independent manner. Appl Environ Microbiol 68:5408-5416

Wilson JW, Ott CM, Zu Bentrup KH, Ramamurthy R, Quick L, Porwollik S et al (2007) Space
flight alters bacterial gene expression and virulence and reveals a role for global regulator Hfq.
Proc Natl Acad Sci U S A 104:16299-16304

Wilson JW, Ott CM, Quick L, Davis R, zu Bentrup KH, Crabbé A et al (2008) Media ion com-
position controls regulatory and virulence response of Salmonella in spaceflight. PLoS One
3:3923

XuB, LiC, ZhengY, Si S, ShiY (2015) Simulated microgravity affects ciprofloxacin susceptibility
and expression of acrAB-tolC genes in E. coli ATCC25922. J Clin Exp Pathol 8(7):7945-7952

Yang J, Barrila J, Roland KL, Ott CM, Nickerson CA (2016) Physiological fluid shear alters the
virulence potential of invasive multidrug-resistant non-typhoidal Salmonella typhimurium
D23580. NPJ Microgravity 2:16021



	18: Microbial Stress: Spaceflight-Induced Alterations in Microbial Virulence and Infectious Disease Risks for the Crew
	18.1	 Modeling Aspects of Spaceflight Culture on Earth
	18.2	 Spaceflight Analog (LSMMG) Culture of Salmonella enterica Serovar Typhimurium
	18.3	 Spaceflight Culture of Salmonella enterica Serovar Typhimurium
	18.4	 Role of Ion Composition on Spaceflight-Induced Virulence
	18.5	 The Response of Pseudomonas aeruginosa to Spaceflight and Spaceflight Analog Conditions: Similarities and Differences as Compared to Salmonella
	18.6	 How Universal Is the Microbial Response to Spaceflight and Spaceflight Analog Culture?
	18.7	 Importance to Spaceflight and Life on Earth: The Future Has Started Now
	References


