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ABSTRACT

The International Space Station (ISS) is a built environment that has been
continuously inhabited since November 2000. Living with the crew are the
microorganisms carried to the ISS as normal astronaut flora and by accidental
introduction in supplies. Microorganisms have established biofilms in the water recovery
system (WRS) that recycles urine to provide drinking water to the ISS crew. Biofilms in
the WRS can serve as a reservoir for opportunistic pathogens, including Escherichia coli
and Pseudomonas aeruginosa, and can also induce clogs and corrosion damage on
stainless-steel components. To investigate biofilm formation, silver disinfection
susceptibility, and potential microbial corrosion in space flight, an experiment will be
launched to the ISS on SpaceX-21 in December 2020. To model biofouling in the WRS,
mixed-species biofilms of E. coli and P. aeruginosa will be cultured in artificial urine on
316L grade stainless-steel using a specialized BioCell apparatus. Flight samples will be
compared to simultaneously tested ground (full gravity) controls. This research describes
the design and optimization of the flight experiment, BioCell, ground-based silver
disinfection capability, and data collection and analysis pathways for post-flight
corrosion analysis. Analysis of pre-flight experiments shows a differential response to
long-term silver disinfection treatment and suggests that corrosion on stainless steel could
be the result of electrochemical processes, which may be exacerbated by silver fluoride
treatment. Characterizing the microbial response to silver disinfection in flight will allow

for a better understanding of the growth and treatment of biofilms on ISS.
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I. BACKGROUND

Biofilms in the Environment

Bacterial cells in the environment are typically present as biofilms: surface-
associated, mixed species communities of microbes surrounded by a “slimy” extracellular
matrix (ECM) (1). The life cycle of a typical biofilm occurs in five stages (2). In the first
stage, free-living planktonic cells discover and reversibly attach to a suitable surface. In
the second phase, the bacterial cells produce attachment pili and begin to secrete
extracellular polymeric substances (EPS). EPS is a mix of polysaccharides, extracellular
DNA, secreted proteins, and other compounds that provide structural support and
protection from environmental stressors. Stages three and four involve the development
of the internal structure of the biofilm. The final phase is dispersion. Bacterial cells are
released from the biofilm and begin to exhibit planktonic characteristics (2, 3). This

information is summarized in Figure 1 (2).

Biofilm Development
el \\\'—L .
- o L St

Figure 1. The five stages of biofilm formation. 1-Reversible attachment; 2-Irreversible
attachment; 3-Maturation I; 4- Maturation II; 5- Release. Reprinted with permission from
Stoodley et al. 2002, Annu Rev Microbiol 56:187-209.



Growth in a biofilm is beneficial to bacteria. Bacterial cells in a biofilm are
extremely resistant to a multitude of environmental stressors, including pH extremes,
treatment with disinfectants and surfactants, osmotic pressure, and heavy metals (3—7).
Growth in biofilms also allows for sequestration of nutrients, which travel through the
biofilm in structures called interstitial voids, or water channels (3, 8). These interstitial
voids separate microcolonies, which are localized areas of bacterial replication within the
biofilm (2, 8).

Problems Associated with Biofilms in Water Systems

Biofilms can cause microbially induced corrosion (MIC) (6, 9-13) even in metals
that are considered to be corrosion resistant, such as stainless-steel or aluminum (9, 14).
Acids secreted as a byproduct of normal microbial metabolism are trapped between the
biofilm and the stainless-steel surface (9). Oxygen at the base of the biofilm is used up
quickly, resulting in a difference in oxygen concentration between the anaerobic area
beneath the biofilm and the surrounding environment (9). The difference in oxygen
concentration creates a potential difference across the surface of the stainless steel,
inducing movement of electrons in the stainless-steel surface from under the biofilm into
the surrounding oxygen-exposed stainless steel (9). The movement of electrons allows
positively charged metal ions to be dissolved into the biofilm, causing localized pitting in
the steel beneath the biofilm (Figure 2) (9). Pitting increases bacterial adhesion, which in
turn leads to a further increase in pitting (12). Leeched metal ions, like iron, are utilized

by bacteria in metabolic pathways (9, 10, 14).
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Figure 2. Schematic of anodic and cathodic reactions in microbiologically influenced
corrosion by biofilms. Redrawn from Chaitra, 2017, Chapter 1, p. 5.

Life Support on the ISS

Transport of materials, including drinking water, to the International Space
Station (ISS) is expensive, costing on average $10,000 per pound of payload (15). The
ISS is equipped with two water filtration systems that utilize physical and chemical
purification methods to produce drinking water from astronaut-produced urine and
ambient humidity waste products. The Russian water recovery system (SRV-K) is
equipped on the Zvezda module, and the water recovery system (WRS) in the American
Environmental Control and Life Support Systems (ECLSS) is equipped on the
Tranquility module (16). In addition to purifying drinking water, ECLSS also controls
temperature, humidity, maintains the atmosphere, and is equipped with a fire detection
and suppression system (17). The SRV-K provides water for a crew of three, and
currently serves as the back-up filtration system (16). ECLSS-WRS provides support for
a crew of four (17).

In ECLSS-WRS, the physical methods of purification include filters and

temperature changes (16, 18). Chemical methods include ion exchange chromatography,



catalytic oxidation, and iodine sterilization (17). While the current purification protocol is
generally effective, the use of iodine poses a health risk to astronauts stationed on ISS, as
prolonged exposure can induce hypothyroidism and sensitivity reactions (19). Therefore,
additional steps to remove iodine are necessary (16). In the SRV-K, ionic silver is used to
inhibit microbial growth (20). Of significance, a persistent biofilm has formed in the
WRS (21-23). This necessitates a deeper understanding of biofilms in space, as well as
an investigation into methods of biofilm sterilization that are safe for use in a semi-closed
system. Since silver is already approved for use on the ISS, NASA has expressed interest
in using silver-based disinfection in future long-term manned space flight missions (18,
24). Additionally, silver toxicity in humans is low (25, 26), with fewer adverse reactions
than iodine, and silver has long been known to be effective as an antimicrobial (18, 26—
29).

Mechanosensing in Microgravity

The ISS is a built environment that orbits Earth in the low Earth orbit (15), and
therefore experiences 90% of the Earth’s gravitational pull. The low-gravity environment
on ISS is the result of constant free fall at terminal velocity, which creates the perception
of weightlessness, termed “microgravity.” In microgravity, fluid quiescence results in
reduced mass diffusion, absence of particle settling, and low fluid shear (30). Low fluid
shear (LFS) may be one cause of changes seen in the growth profile of several species of
bacteria. Some species have shown a faster growth rate and increase in final cell density
in space flight, including E. coli (31-33), P. aeruginosa (34, 35), and Bacillus subtilis
(36), while others show reduced growth rate and final cell density, including

Staphylococcus epidermidis (37), and Bacillus cereus (38).



Mechanosensing is the method by which organisms detect mechanical stimuli
from the environment and translate it into a biological response. Bacteria use
mechanosensing to regulate various functions, including osmoregulation (39—41),
adhesion (42, 43), biofilm initiation (44) and matrix production (45) . One force detected
by mechanosensing is fluid shear, which is the friction generated when fluid flows over a
surface or another fluid of a different density. As described earlier, LFS is seen in
microgravity as a result of fluid quiescence, but it is also associated with laminar flow
(46). Three models have been proposed to describe how bacteria may detect changes in
shear forces (47). One model, called the “catch-bond” model, proposes that bacterial cells
express surface molecules featuring hydrogen atoms that form hydrogen bonds when
environmental shear forces are low (Figure 3). When the hydrogen bonds are intact, the
cell signals LFS-associated pathway activation. High fluid shear (HFS) forces, such as
those generated by turbulent flow, cause the hydrogen bond to break, initiating the

signaling pathway that leads to HFS-associated pathway activation (42, 47).



A. . B.

Increased
— shear force o)
Extracellular . T

-— 6}
7 Decreased shear force

— /67 (microgravity or LSMMG) <« Broken
- Hydrogen

VR A o bond

Cell - Hydrogen (33353
MEMbrane  se—— r— bond —

Higher shear I.m\"rr shear
signals signals
Higher shear

signals

Lower shear
signals

Intracellular

Figure 3. Catch-bond model for bacterial mechanosensing of shear forces. In LFS
induced by microgravity or low shear modeled microgravity (LSMMG) (A), shear-
sensing cell surface molecules are “folded”, with hydrogen bonds intact, which may
trigger LFS associated signaling and pathways. In HFS (B), shear forces induce breakage
of the hydrogen bond, signaling the activation of HFS-associated pathways. Reprinted
with permission from Nickerson et al., 2004, Microbiol Mol Biol Rev, 68(2):345-361.

Other models of bacterial mechanosensing describe detection of changes in fluid
shear forces by tension and deformations in the cellular membrane using two
mechanisms: mechanically gated channel proteins (48, 49) and cytoskeletal stretching
(47, 50). There are two families of mechanically gated channel proteins, MscL and MscS,
which are found in bacteria as well as eukaryotes and archaea (51). These
mechanosensitive ion channel (MSC) protein families have been shown to be controlled
by tension, often induced by turgor pressure, and deformation in the lipid bilayer of the
cellular membrane (52, 53), which may be induced by fluid shear stress (41, 54). In LFS
conditions, the tension in the cellular membrane is below the tension threshold required
to open the MSC proteins, thus they are closed (Figure 4, (a)) (41). In this condition,
LFS-associated signaling pathways may be activated (b). When HFS force is applied,

membrane tension, and possibly deformation, increases in the cellular membrane to



above the tension threshold (¢) (41). Tension-induced pulling on the lipid bilayer around
the MSC opens the channel (d) (52, 53), allowing non-specific transport of ions between
the cell and the outside environment (e) (55), and may activate HFS-associated signaling
pathways (f). The activation of HFS-associated signaling pathways may be due to either

the sudden change in the concentration of ions or due to energy released by the physical

breaking of hydrogen bonds when the MSC is opened (56, 57).

The bacterial cytoskeleton may also play a role in sensing changes in fluid shear
force. Eukaryotic cells have been shown to sense distortions in the cellular membrane by
detecting changes in tension in the cytoskeleton and to respond to these changes by
altering activation of signaling pathways, gene expression, and metabolic activity (50,
58). In bacteria, the cell is hypothesized to respond to cytoskeletal tension in the same
way (47), although experimental evidence of such a response has not yet been reported in
the literature. One of the major components of the eukaryotic cytoskeleton is actin. Many
bacteria produce actin-like proteins, such as MreB (found in rod-shaped bacteria) (59-61)
and FtsZ (62—64), which carry out functions attributed to the cytoskeleton, including
determining bacterial cell shape (59, 65-67), spatially organizing the interior of the
bacterial cell (68, 69), and playing key roles in bacterial cell division (60, 61, 65, 70, 71).
Figure 4 (right) illustrates a potential mechanism by which bacterial cytoskeletal tension
may induce a response to external fluid shear forces. In LFS, the absence of fluid shear-
induced tension and deformation on the bacterial cellular membrane may cause the
cytoskeleton to only experience the tension required to maintain the bacterial cell shape
(Figure 4, (g)) (41). In this state, the bacterial cell may activate LFS-associated

pathways. In HFS, cellular membrane or wall tension or deformation (h) may cause



stretching of, or tension in, the cytoskeleton (i), although experimental evidence is not yet
reported in the literature. The resulting tension in the cytoskeleton may activate HFS-

associated pathways (j).
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Figure 4. Proposed mechanisms for fluid shear detection by Gram-negative
bacteria. MSC proteins (top) and cytoskeletal tension (bottom) may sense changes in
external fluid shear forces. Top: In LFS (left), bacterial cell membrane tension is
relatively low and MSC proteins are closed (a), which may lead to activation of LFS-
associated pathways (b). In HFS (right), tension or deformation in the bacterial cellular
membrane (c¢) can force MSC proteins open (d), allowing exchange of ions (e), which
may activate HFS-associated pathways. Bottom: In LFS (left), the bacterial cytoskeleton
is only experiencing the tension required to maintain the cell structure (g), which may
result in LFS-associated pathway activation (h). In HFS (right), tension or deformation in
the bacterial cellular membrane (¢) may lead to increased tension in the bacterial
cytoskeleton (i), activating HFS-associated pathways (j). The peptidoglycan-containing
periplasmic space is indicated by cross hatch shading, the vertical line shading indicates
MSC proteins, and the dashed lines indicate the cytoskeleton (small dashes indicate
relaxed, long dashes indicate stretched).



Modeling Microgravity in a Full-Gravity Environment

To model the LFS environment present on the ISS, the Biotechnology Group at
NASA Johnson Space Center developed a Rotating Wall Vessel (RWV) bioreactor
system (46, 72, 73). The RWV models microgravity and establishes a low fluid shear
environment by inducing laminar flow or near solid body rotation of the liquid inside the
RWYV when rotated at constant velocity in the low shear modeled microgravity
(LSMMG) orientation (Figure 5 Ai) (46, 47, 74). To induce the LFS condition, the RWV
must be filled completely (“zero airspace’) with culture media, as air bubbles can create

turbulence and increase fluid shear (46).

A. . .
Gravity
(1) LSMMG (ii) Normal gravity
Rotation
A J
B.
(1) No rotation (or normal (i) Rotation in LSMMG

gravity rotation) orientation

e\ e

v / L 3

v -

~ o

Figure 5. Operation orientation of the RWYV bioreactor system. Rotation in LSMMG
orientation (Ai) perpendicular to the direction of gravity establishes laminar flow within
the bioreactor, allowing cells to reach terminal velocity as they fall through the liquid
media (Bii). Rotation in the normal gravity orientation parallel to the direction of gravity
(Aii) allows cells to sediment to the bottom of the bioreactor, which also occurs when the
bioreactor in the LSMMG orientation is stopped (Bi). Reprinted with permission from
Nickerson et al., 2004, Microbiol Mol Rev 68(2):345-361.




The RWYV simulates microgravity when rotated in the LSMMG orientation
(Figure 5). As the RWYV rotates around an axis perpendicular to gravity (Figure 5 Ai),
the gravitational vector inside the RWYV is constantly being reoriented so that the time-
averaged net gravitational vector on the cells is near to zero, preventing cell
sedimentation (Figure 5 Bii) (74). Cells suspended in the RWV are in constant fall at
terminal velocity and experience functional weightlessness, where there is a perception of
the absence of gravity, although the entire RW'V is still experiencing normal gravity (74,
75). The rate of rotation that is required to suspend objects in LSMMG is related to the
size and density of the particles inside the RWV (72). The density of particles in the
RWYV must be equal, or nearly equal, to the density of the liquid media in order to
prevent sedimentation of cells (46).

Changing the axis around which the RWYV rotates to be parallel to the
gravitational vector, or stopping the rotation while keeping the RWV in the LSMMG
orientation, can be used as a normal gravity control (Figure 5 Bii) (47). The normal
gravity control allows cells to sediment on the lowest point of the RWV in the direction
of the gravitational vector (47, 75).

Bacterial Growth, Gene Expression, and Biofilms in Microgravity and Modeled

Microgravity

Bacterial growth in LFS has been associated with changes to secondary
metabolite production (76-78), growth kinetics (32, 35, 36, 79-82), and gene expression
profiles (79-87). Changes to bacterial growth kinetics in space flight and LSMMG vary
by species. As described earlier, some species have shown a faster growth rate and

increase in final cell density in space flight, including E. coli (31-33), P. aeruginosa (34,
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35), while others show reduced growth rate and final cell density, including
Staphylococcus epidermidis (37), Bacillus cereus (38), and Staphylococcus aureus (88).
One study found that P. aeruginosa final cell density in space flight, but not on Earth,
was increased when phosphate and oxygen availability were reduced, suggesting that
fluid quiescence may improve P. aeruginosa growth in nutrient-limited environments
(35). Another phenotype altered in space flight or in LSMMG included a change in
virulence, which has been shown to be increased in Salmonella enterica serovar
Typhimurium (82, 89, 90) and decreased in S. aureus (88, 91), Listeria monocytogenes
(91), and E. faecalis (91). Increased antibiotic resistance has also been observed in some
species (33, 85), but not in others (81, 92, 93).

Sigma factor AlgU, which regulates expression of genes related to motility,
chemotaxis, and stress response genes in Pseudomonas aeruginosa, was found to be
upregulated when P. aeruginosa was cultured in both in space flight and in LSMMG
(94). Also seen with upregulation of AlgU is an upregulation of genes controlled by
AlgU (94). In S. Typhimurium, the global regulator Afg is downregulated in space flight
and LSMMG conditions as compared to appropriate controls; Afg is a regulator protein
for approximately 32% of genes found to be differentially expressed in space flight,
including genes involved in stress response, biofilm formation, and iron storage and
utilization (82). The Afq gene is also differentially expressed in P. aeruginosa in space
flight (94), and in Staphylococcus aureus (88) and Vibrio fisherii (95) in LSMMG. A
meta-analysis of transcriptome profiles of P. aeruginosa (83, 94) and S. Typhimurium
(82, 96) has shown that multiple pathways involved in metabolism and cellular processes

are differentially expressed in both space flight and LSMMG (97).
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Previous research has shown that biofilms form in space flight and in LSMMG
(34, 82, 88, 98, 99). Additionally, genes involved in biofilm formation in E. coli (80),
Klebsiella pneumoniae (100), S. Typhimurium (82), and B. subtilis (101) are also
upregulated in space flight. P. aeruginosa biofilms cultured in an artificial urine media in
space flight have been shown to display column-and-canopy structures that are not seen
in control biofilms which were grown on Earth (34). E. coli biofilms grown on glass
beads in LSMMG are thicker and show increased resistance to salt stress, ethanol
disinfection, and antibiotic resistance when compared to normal gravity controls (99).

Biofilms are problematic on the ISS. Bacterial cells growing in a biofilm are
released as part of the normal biofilm cycle (Figure 1) (3). Biofilms also produce
clogging of piping and pathways in both SRV-K (Figure 6 A) and WRS (Figure 6 B) on
the ISS (102). As clean water moves through ECLSS, bacterial cells are released from the
persistent biofilm and are consumed by astronauts who already have a reduced immune
response (82). Combined with the reduced immune response in astronauts, calcium loss

in bones from space flight (15) may increase risk of urinary tract infection (UTI).

between port and poppet I
= mmn i

Figure 6. Biofilm clogging on the ISS. A) A biofilm which has clogged a hose in SRV-
K. B) A biofilm which has clogged the inlet valve of the Mostly Liquid Separator of
WRS. Both images reprinted from Carter, 2017, NASA Report M17-6276.
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Investigating Biofilm Growth, Control, and Corrosion in Space Flight

To investigate biofilm growth, efficacy of silver-based disinfection in treating
biofilms, and associated microbially-induced corrosion of 316L grade stainless steel in
space flight, an experiment will be launched to the ISS on SpaceX 21, a 35-day mission
which is currently scheduled to launch in December 2020. In this experiment, mixed-
species biofilms of E. coli and P. aeruginosa will be cultured in an artificial urine growth
medium with 316L grade stainless steel as a biofilm attachment substrate. We have
chosen 316L stainless steel with a 2B brushed finish as this is the grade which is used in
stainless steel components of WRS on the ISS (16, 103). Artificial urine, which is
formulated to match astronaut urine in wastewater streams on the ISS (104), will be used
as growth medium. The flight experiment aims to 1) characterize E. coli and P.
aeruginosa mixed-species biofilm growth on stainless steel in space flight; 2)
characterize the mixed-species biofilm response to long-term silver disinfection in space
flight; and 3) characterize microbially-induced corrosion on 316L stainless steel in space
flight.

It is a rare opportunity to be able to send an experiment to the ISS. Extensive
planning is required to ensure a successful experiment, since repeated attempts are
unlikely to be approved, especially when a failed experiment is the result of poor
planning. In this case, a well-planned experiment utilizes growth media and reagents
which are stable for at least 45 days (35 days for the SpaceX 21 mission plus at least 10
days to accommodate sample launch and potential delays in the launch date), produces
samples which are stable after fixing until they are returned and able to be processed, and

minimizes the time spent needed for post-flight sample handling to prevent sample
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degradation before all necessary data are collected. The research presented in this
dissertation aims to meet those success requirements by 1) investigating and optimizing
the key experimental parameters in ground-based pre-flight studies that need to be
controlled in-flight; 2) identifying baselines for biofilm growth, disinfection, and
corrosion; and 3) designing post-flight data collection and analysis methods to efficiently

process time-sensitive samples.
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II. OPTIMIZING THE IN-FLIGHT PARAMETERS OF THE SPACE FLIGHT
EXPERIMENT
Resources for space flight experiments on the ISS are limited. The cost to send an

experiment to space is high, and stowage space and crew time are valuable resources that
must be considered; experiments cannot be repeated multiple times due to procedural or
design errors. Many experiments on the ISS are performed by astronauts with varying
backgrounds; therefore, methods must be clearly described and simple enough to be
performed by someone who may not have expertise in biology. Designing an experiment
for flight necessitates validating every reagent and experimental parameter on Earth
before sending the experiment to space, as well as optimizing hardware compatibility and
design, and incorporating engineering and safety considerations. As such, designing an
experiment for space flight is necessarily interdisciplinary and requires extensive
collaboration between a large team of scientists to achieve.

Culture Conditions

The strains used in this study were stored as freezer stocks at -80°C in 12.5%
(v/v) glycerol, prepared by adding sterile glycerol to overnight broth culture of each
strain. Prior to each experiment, the appropriate organism was pulled from -80°C storage
and streaked onto LB agar plates, then incubated at 37°C for 24 hours. Starter cultures
were inoculated from LB agar plates to modified artificial urine media (mAUM) and
incubated at ambient temperature (22-24°C) with gentle shaking in an orbital shaking
platform (100 RPM) for 24-72h, until the culture reached stationary phase, unless
otherwise indicated. Experimental cultures were inoculated from overnight cultures with

a 1:100 dilution of overnight culture to mAUM unless otherwise specified.
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E. coli and P. aeruginosa Strains

Pathogenic strains of E. coli and P. aeruginosa are known to cause UTIs (83,
105-107). In particular, P. aeruginosa has been identified as the source of a UTI
contracted by an astronaut on Apollo 13 (108-110). Additionally, mixed culture
interactions between E. coli and P. aeruginosa have been previously studied. E. coli
produces indole, a tryptophan derivative that serves a variety of functions including
reducing biofilm formation (111) and providing a competitive advantage in mixed culture
with P. aeruginosa (112). Indole secreted by E. coli in co-culture with P. aeruginosa has
been reported to inhibit P. aeruginosa quorum signaling, reducing production of the
antimicrobial pyocyanin. When less pyocyanin is present in the environment, E. coli
survival in mixed culture is enhanced (112).

P. aeruginosa PAO1 was selected because it is a common strain that has been
previously studied in pure culture in LSMMG and in space flight (83, 94, 98). P.
aeruginosa PAO1 was derived from an opportunistic pathogen, PAO, which was isolated
from a wound in an Australian patient (113) and has since been used in laboratories
worldwide to study a variety of infections, including UTIs (114, 115), wound infections
(116-118), and lung infections (119—-121). Additionally, a strain of P. aeruginosa PAO1
containing a random chromosomal insert of constitutively expressed gfp was available;
the modified strain was found to have no change in biofilm formation as a result of the
gfp insertion (122). GFP-tagging allows for detection of P. aeruginosa with confocal and
epifluorescence microscopes using EGFP filter sets (488 nm excitation). The selected E.
coli strain (discussed below) was transformed to express mCherry from a chromosomal

insert. mCherry can be detected using Texas Red filter sets (559 nm excitation) and
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allows for detection of E. coli as well as differentiation from GFP-tagged P. aeruginosa.
Ten clinical UTI isolates were assessed to determine which strain would be
optimal to investigate in mixed culture with P. aeruginosa PAO1 (Table 1). Since some
of the available E. coli strains were clinical isolates that have not been published, a
simple characterization of all of the strains was performed. Indole production was tested
using sulfide indole motility (SIM) agar and Kovac’s reagent, and lactose metabolism
was tested using MacConkey agar (MAC) and eosin methylene blue agar (EMB). To
enable separation and quantification E. coli and P. aeruginosa after mixed culture
growth, antibiotic susceptibility was tested using Kirby-Bauer (KB) antibiotic testing on
Mueller-Hinton (MH) agar using pre-made antibiotic disks (BD BBL Sensi-Disc test
discs). Antibiotic susceptibility was also tested by streaking each strain onto a LB agar
with various antibiotics. The results of these tests are summarized in Table 2. The
optimal antibiotics for strain isolation were cefsulodin (112), to which all E. coli strains
were resistant, and nalidixic acid, to which P. aeruginosa is resistant (Table 2). The
standard cefsulodin concentration of 25 pg/mL (112) was shown to inhibit P. aeruginosa
without killing E. coli (Figure 7 A). The nalidixic acid concentration was optimized to 10
pg/mL, which is the concentration that allowed P. aeruginosa growth (Figure 7 B), but
inhibited E. coli (Figure 7 C). Additionally, since future experiments will involve gene
insertion and transcriptomic analysis, sequence availability for each strain was
determined. Moving forward, only strains that were fully sequenced (536, CFT073, and

F11) were considered.
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Table 1. Summary of strains used in this study.

Strain Characteristic(s) Reference
E. coli
GR-12! Clinical UTI isolate, (123)
pyelonephritis
HU968-63! Clinical UTI isolate
HU968-149! Clinical UTI isolate
HU968-206' Clinical UTI isolate
HU968-214! Clinical UTI isolate
HU968-357! Clinical UTI isolate (124)
Jo6! Clinical UTI isolate, (107)
pyelonephritis
F112 Clinical UTI isolate, cystitis with (125)
bacteriuria
CFT0732 Clinical UTI isolate, (126)
pyelonephritis and sepsis
5362 Clinical UTI isolate, (127)
pyelonephritis
BW25141/pKD33 Lambda Red Recombination (128)
genes exo, bet, gam on the pKD3
plasmid
MG1655/pDK46* cat cassette on the pKD46 (128)
plasmid
MG1655/pCP20° FLP recombinase on the pCP20  (128)
plasmid
Top10/pBT1-proD-mCherry®  mCherry under control of an E.
coli artificial constitutive
promoter
F114+mcherry mCherry constitutive expression  This study
from the chromosome
P. aeruginosa (122)
PAO1+gfp’ gfp constitutive expression from
the chromosome
P. mirabilis
2573 (ATCC 49565) Urea-metabolizing (129)

!Gift from R. Hull and S. 1. Hull at Baylor College of Medicine; *Gift from H. L. T. Mobley at University of Michigan. 3Obtained
from the E. coli Genetic Stock Center. *Gift from M. Whiteley at Georgia Institute of Technology.’Gift from D. Siegele at Texas
A&M University. 5Gift from M. Lynch (Addgene plasmid # 65823). "Gift from M. Parsek at University of Washington.
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Figure 7. Verification and optimization of selective antibiotic concentrations for
isolation of individual species after mixed culture growth. A) Growth of all strains of
E. coli was permitted on LB-+cefsulodin (25 pg/mL), but growth of P. aeruginosa
PAO1+gfp was inhibited. B) P. aeruginosa survival was significantly reduced when
plated on LB with 15 pg/mL nalidixic acid (15 pg/mL: p = 0.02945, n=3), but not when
plated on LB with 12 pg/mL or 10 pg/mL nalidixic acid. C) E. coli growth was inhibited
on LB with all concentrations of nalidixic acid (p < 0.05, n = 3). Error bars represent
standard deviation. Welch’s T-Test, 95% confidence interval.
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Table 2. Summary of characterization tests for each strain of E. coli and P. aeruginosa PAO1+gfp. Metabolism tests: + indicates
a positive reaction, ++ indicates a strong positive reaction on EMB, determined by a metallic green color change, and — indicates a
negative reaction. Kirby-Bauer tests: TE30-tetracycline (38 pg); P10-penicillin (10 units); K30-kanamycin (30 pg); C30-
chloramphenicol (30 pg); S10-streptomycin (10 pg); B10-bacitracin (10 units); AM10-ampicillin (10 pg). NS indicates not
susceptible. Antibiotic streak tests: All antibiotics present in the indicated concentrations in LB agar. Nal-nalidixic acid; Cm-
chloramphenicol; Cef-cefsulodin; Amp-ampicillin; Sm-streptomycin; Km-kanamycin. + indicates growth on the antibiotic, —
indicates no growth. ** indicates optimal antibiotic selection for isolation of any E. coli strain and P. aeruginosa PAO1+gfp.

Metabolism Kirby-Bauer Antibiotic streak

Strain Sequence  Indole Mac EMB TE30 PI0 K30 C30 SI0 BI0 AMIO Nal(15 Cm@25 Cef (20 Amp Sm (50 Km (30

available ug/mL)  ug/mL)  ug/mL) (100 ug/mL)  ug/mL)

#k ok ug/mlL)

536 Yes + + 4+ 18 NS 20 25 NS NS 15 — — + + + —
CFTO073 Yes + + 4+ 17 NS 19 22 18 NS 18 — — + + ~ —
F11 Yes + + ++ I5 NS 19 20 NS NS 9 — — + + — —
GR-12 No + + 4+ 18 NS 20 23 8 NS NS — — + + — —
HU968-63 No + — 4+ 17 NS 19 26 20 NS 15 —  — + -
HU968-149 No + — — 17 NS 19 19 15 NS 15 —  — + -
HU968-206  No + 4+ + NS NS I8 NS 8 NS NS — + + o
HU968-214 No + 4+ + NS NS 15 NS 10 NS NS — + + -
HU968-357 No + + + 175 NS 18 23 11 NS 18 — — + — — —
196 No + — + 20 NS 26 20 19 NS 16 — —  + — —  —
P. No — — — 16 NS 10 NS 17 NS NS + -+ =
aeruginosa

PAO1+gfp




To determine the survivability of each sequenced E. coli strain against P.
aeruginosa PAO1+gfp, 1 X 108 CFU/mL of each species was inoculated in co-culture in
50 mL LB or an artificial urine medium, then incubated at 37°C (LB) or 25°C (artificial
urine) with shaking at 150 RPM for 24 hours. LB was used to determine survival at the
optimal growth temperature for each species in a rich medium, and artificial urine was
tested at 25°C, since this is the condition which will be used in the flight experiment.
Bacterial cells were quantified by viable cell counting using serial dilution in phosphate
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPOys, 1.8 mM KH>POy;
pH 7.4), followed by spread plating onto LB and LB with selective antibiotics. E. coli
was isolated using LB with cefsulodin (25 pg/mL), and P. aeruginosa was isolated using
LB with nalidixic acid (10 pg/mL). Briefly, nalidixic acid antibiotic stocks were made at
100 mg/mL in 0.3 M NaOH, then filter sterilized, aliquoted, and stored at -20°C for a
maximum of 3 months. Cefsulodin antibiotic stocks were made at 100 mg/mL in
deionized water, then filter sterilized, aliquoted and stored in the dark in a non-frost-free
freezer at -20°C for up to 6 months.

E. coli F11 showed the best survivability against P. aeruginosa PAO1+gfp
(Figure 8 A) at 37°C in LB, as well as the highest reproducibility (Figure 8 A, B) in both
LB (37°C) and mAUM (25°C). Therefore, E. coli F11 was selected as the strain to use in

all subsequent experiments.
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Figure 8. E. coli survival in co-culture with P. aeruginosa. A) Percentage of the total
CFU in each culture that is E. coli at 24h of growth in LB at 37°C. B) Percentage of E.
coli that comprises the total CFU/mL of cocultures grown in mAUM at 25°C, at 24h of
growth. n=3, error bars represent standard deviation.

mCherry Insertion

To allow detection of, and differentiation from, P. aeruginosa under fluorescence
light microscopy, E. coli F11 was transformed to express mCherry constitutively from a
chromosomal insert. mCherry, under control of the proD promoter was inserted into lacZ
on the E. coli F11 chromosome using lambda Red recombination (128). proD is an
artificial E. coli promoter that enables constitutive expression (130). Chromosomal
insertion of mCherry allows for retention of the mCherry gene without requiring selective
pressure. Using lacZ as the insertion site allowed easy detection of proper transformants
using blue/white screening.

The strains which carried the plasmids used here are described in Table 1. All
plasmids (Table 3) were isolated using GeneJet Plasmid Miniprep Kit (Invitrogen
K0503). All nucleic acid extractions were quantified using a Nanodrop 100
spectrophotometer (Thermo Fisher Scientific). All transformations were performed using
electroporation. The chloramphenicol cassette was amplified from pKD3 using Phusion

High-Fidelity DNA Polymerase (Thermo Fisher Scientific F530L) and primers that each
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contained Sacll restriction sites (Figure 9 A, Table 4). The PCR reaction was cleaned
using GenelJet PCR purification kit (Thermo Scientific KO701). The chloramphenicol
cassette PCR amplicon and extracted pBT1-proD-mCherry (1 ng each) were treated with
Sacll (New England BioLabs R0157S), then the chloramphenicol cassette was ligated
into pBT 1-proD-mCherry using T4 ligase with a 1:3 ratio of insert to vector. The
resulting plasmid, pBT1-proD-mCherry-FRT-cat-FRT (Figure 9 A) was inserted to E.
coli DH5a for amplification, then proD-mcherry-FRT-cat-FRT was amplified from E.
coli DH5a using the Phusion High-Fidelity PCR Kit described above. E. coli F11 was
transformed to carry pKD46, which provided the lambda Red recombination genes exo,
bet, and gam. E. coli F11-pKD46 was grown in LB broth to an OD600 value of
approximately 0.2. L-arabinose (2% w/v) was added to induce expression of lambda Red
recombination genes, then the culture was grown to an OD600 of approximately 0.4. The
resulting culture was induced for electroporation competency using 1% (v/v) glycerol.
The proD-mCherry-FRT-cat-FRT PCR amplicon was inserted into E. coli F11+pKD46
using electroporation. The transformants were plated onto LB agar + chloramphenicol
(25 pg/mL) + X-gal (20 pg/mL) to select for recombinants. Colonies that grew white on
X-gal with chloramphenicol were imaged using confocal microscopy to confirm
expression of mCherry, which was seen in the transformed strain (Figure 9 B, right), but
not the parent strain (Figure 9 B, left).

pCP20, which contained FLP recombinase, was transformed into E. coli F11 lacZ
/mCherry-cat” to induce recombination of the FRT sites, removing cat and leaving a
small FRT scar (Figure 9 A). PCR using primers targeting regions of /acZ which flanked

the insertion site (Table 4, Figure 9 A) was used to confirm correct insertion of mCherry
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and subsequent removal of cat. Gel electrophoresis showed that the size of the PCR
amplicon had increased from 381 bp to 1712 bp, which was consistent with mCherry
insertion into the /acZ gene (Figure 9 C).

To check for pleiotropic effect, growth of E. coli F11 lacZ/mCherry* was
compared to the parent strain by generating growth curves in LB broth and mAUM
(Figure 10) as previously described (131). Wells of a 96-well microtiter plate were filled
with 198 pL LB broth or mAUM, inoculated with 2 uL of overnight culture, then
incubated in a Biotek Powerwave-X2 plate reader at 37°C for 72 hours, with OD600
reads every 15 minutes. Both E. coli F11 (filled) and E. coli F11 lacZ/mCherry* (empty)
reached stationary phase at the same time and at the same optical density in both LB
(black) and mAUM (red), indicating that there was no change in optical cell density as a
result of the mCherry insertion (Figure 10). E. coli F11 lacZ/mCherry” in mAUM shows
a series of optical density readings of zero in the first several hours of growth. Failure to
detect growth at early time points is sometimes seen when condensation forms on the lid
of the microtiter dish during incubation, which causing similar readings between
inoculated and uninoculated wells. When plotting OD600 generated growth curves, the
optical density of uninoculated wells was subtracted from inoculated wells to control for
optical density of the plastic and the medium. Condensation on the lid of the microtiter
dish may have increased optical density readings, and since condensation on the lid is
usually seen above all filled wells, subtracting the optical density of uninoculated wells
from inoculated wells could have obscured changes in optical density which were related
to bacterial cell growth. Thus, the zero readings at the early stages of the growth curve

may represent an artifact of using OD600 readings as a measurement for cell growth.
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Viable cell density of stationary phase E. coli F11 lacZ/mCherry” in mAUM was

also compared to the parent strain. Pure cultures of E. coli F11 (wt) and E. coli F11 lacZ

/mCherry* were inoculated into mAUM and incubated for 3 days at ambient temperature

with gentle shaking (100 RPM). Viable cells were then enumerated using viable cell

counting by serial dilution plating. E. coli F11 lacZ/mCherry* (5.63 x 108 CFU/mL;

standard deviation: 0.758 x 108 CFU/mL) showed no significant difference in viability

from the parent strain (5.60 x 108 CFU/mL; standard deviation: 0.930 x 103 CFU/mL) (p

=0.9471, Welch’s T-Test, n=6).

Table 3. Summary of plasmids used to generate E. coli F11 AlacZ(453-
660):.’PprODmChel"}"y-FRZ

Plasmid Characteristic(s) Source

pKD3 Chloramphenicol resistance gene Datsenko and Wanner,
flanked by FRT recombination sites, 2000
Sacll restriction site

pKD46 exo, bet, gam (lambda Red Datsenko and Wanner,
recombinase genes) under control of 2000
araC promoter, ampicillin resistance

pCP20 Flp recombinase under control of Datsenko and Wanner,
heat inducible promotor, ampicillin 2000
resistance

pBT1-proD-  proD constitutive promoter, mCherry  Gift from Michael Lynch

mCherry insert, ampicillin resistance (Addgene plasmid #

65823)
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Table 4. Primers used to produce E. coli F11 AlacZ(453-660)::Pp..pmCherry-FRT.
Inserted Sacll sequences are underlined, /acZ targeting recombination sequences are in

bold.
Primer Sequence (5’ to 3°) Annealing Size (bp)
Temperature
O
cat cassette Forward GCT GAC ATG GGA ATT AGC CGC 65.5 1329
GGT CCA TA
Reverse ATG CGA GAC CGC GGA ACT GCC
A
mCherry with Forward GGC AGG TCA GGC CAA TCC GCG 56.6 2587
cat cassette CCG GAT GCG GTG TAT CGC TCG
and flanking CTG AGA TAG GTG CCT CAC
FRT regions Reverse CGA CAT TGG CGT AAG TGA AGC
GAC CCG CAT TGA CCC TAA CCT
GTC CAT CAG CTT GTC CAG
Flanking Forward CAG TTT ACC CGC TCT GAG ACC 58.6 1217
regions of the T
lacZ insertion Reverse TCA CAG ATG TGG ATT GGC GAT
site GAA A
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Figure 9. Insertion of proD-mCherry into the E. coli F11 chromosome. A) The
schematic of lambda Red recombination to produce E. coli F11+mCherry. The cat
cassette from pKD3 was inserted to pBT1-proD-mCherry using the unique Sacll site
downstream of the mCherry gene. Pyrop with mCherry and the cat cassette were amplified
from the plasmid using high fidelity PCR and inserted to the E. coli F11 lacZ gene in the
bacterial chromosome. The cat cassette was removed from the bacterial chromosome
using FLP recombinase. B) mCherry produced by E. coli F11 lacZ/mCherry” was
detected by confocal microscopy using a 559 nm laser but was not detected in the parent
strain (left). Scale bars = 30 um. C) Agarose gel electrophoresis in 0.8% agarose gel of
whole cell PCR products obtained using primers targeting the flanking regions of lacZ
showed insertion of proD-mCherry into the bacterial chromosome. Lane 1: E. coli F11
wild-type (WT) PCR product of 381 bp, indicating /acZ is intact. Lanes 2 and 3: the
isogenic mutants of E. coli F11 lacZ/mCherry*. The band size of 1712 bp showed that
lacZ had been disrupted.
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Figure 10. Growth analysis to determine pleiotropic effect of mCherry insertion.
Growth in LB (circles, black) and mAUM (squares, red) of WT (filled) and transformed
(empty) E. coli F11 reached stationary phase at the same time and at the same optical
density when cultured in the same media.

Media Selection

In this research, E. coli and P. aeruginosa biofilms were cultured in mAUM,
which was previously used by Kim et al. to investigate biofilm formation by P.
aeruginosa in space flight (34). mAUM was selected for the flight experiment to model
biofilm growth of pathogens in the WRS on ISS, which purifies astronaut waste,
including urine, into potable water (16). Verostko et al. have described ersatz recipes
which are designed to model various stages of the waste water stream as the water is
purified in the WRS on ISS, including astronaut urine (104, 132). mAUM was compared
to the urine ersatz formulation to ensure that mAUM is a reasonable model of astronaut

urine (Table 5).
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Table 5. mAUM formulation (34) and comparison to astronaut urine ersatz

formulation (104).

Component mAUM Urine Ersatz
Formulation Formulation
(mg/L) (mg/L)
Ammonium™™* 452 50-631
Bicarbonate” 1525 41-757
Calcium™ 13.3 34-185
Chloride” 3963 774-8301
Iron™ 0.511 NA
Magnesium*™* 48.6 14-127
Nitrate 302.01 NA
Phosphate 347 155-4312
Potassium™ 211 238-2347
Sodium* 4630 432-4002
Sulfate 1632 119-2111
Citric acid 420 77-679
Arginine 200 NA
Asparagine 57 45-132
Aspartic acid 20 NA
Cystine 50 2-6
Glutamic acid 20 40-155
Glycine 10 563-1802
Histidine 15 776-2327
Proline 40 NA
Isoleucine 50 NA
Leucine 50 26-101
Lysine 40 47-424
Methionine 15 NA
Phenylalanine 15 NA
Serine 30 210-730
Threonine 20 95-381
Tryptophan 5 NA
Tyrosine 23 NA
Valine 20 22-87
Urea 10220 10000-22857
Uric acid 67.2 NA
Creatine 918 NA
Creatinine NA 533-1333
Taurine NA 334-1614
L-Glutamine 203 438-1520
Alanine NA 143-615
Carnosine NA 36-283
D-glucuronic acid  NA 12-125
Phenol NA 3-12
Citrulline NA <1-19
Bilirubin NA <1-30
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mAUM Optimization for Long-Term Stability

mAUM was optimized to extend the shelf-life and allow for longer storage before
inoculation. mAUM must be stable for at least 45 days (35 days for the SpaceX 21
mission plus 10 days to accommodate sample transit and potential launch delays). The
buffer capacity of mAUM was increased by increasing the concentration of the phosphate
buffer components, KH>PO4 and KoHPOs, to 10 times their original concentration (Table
6). Other changes to the mAUM composition arose from a mistake in the recipe
calculation that was discovered too late to be corrected. Longer media shelf-life increases
flexibility for flight scheduling and on-board inoculations. The updated mAUM recipe,
mAUM.v3, is reported in Table 6 (mAUM.v2 refers to a version of mAUM (34) from
which L-glutamine was accidentally excluded). Table 7 compares mAUM.v3 to NASA’s
urine ersatz formulation (104). In mAUM.v4, the amino acids from mAUM.v3 were
removed to be used as a freezing buffer for the space flight bacterial inoculum. This

change will be discussed in detail in the next section.
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Table 6. mAUM formulation. nAUM describes the formulation as originally published
(34). mAUM.v3 had been optimized for long-term stability, and mAUM.v4 is mAUM.v3
with the amino acids removed to be used as a freezing buffer for cryopreserving the flight
bacterial inoculum.

Component mAUM mAUM.v3 mAUM.v4
Citric acid 2 mM 0.5 mM 0.52 mM
Lactic acid 1.1 mM 1.1 mM 1.13 mM
Sodium chloride 90 mM 45 mM 46.39 mM
Ammonium chloride 25 mM 12.5 mM 12.89 mM
RPMI 1640 amino acids 20 ml/L 20 ml/L 0 mM

Urea 170 mM 170 mM 175.26 mM
Uric acid 0.4 mM 0.4 mM 0.412 mM
Creatine 7 mM 3.5mM 3.61 mM
Calcium chloride 0.25 mM 0.03125 mM 0.03222 mM
Magnesium sulfate 2 mM 0.5 mM 0.515 mM
Sodium sulfate 10 mM 2.5mM 2.577 mM
Sodium bicarbonate 25 mM 6.25 mM 6.443 mM
Sodium nitrite 6 mM 1.5 mM 1.546 mM
Ferrous sulfate 0.005 mM 0.005 mM 0.00515 mM
Monopotassium phosphate 1.8 mM 18 mM 18.56 mM
Dipotassium phosphate 1.8 mM 18 mM 18.56 mM
L- Glutamine 2 mM 2 mM 0 mM
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Table 7. mAUM.v3 formulation and comparison to the NASA urine ersatz
formulation. Urine ersatz formulation describes the formulation described by NASA to

model astronaut urine (104, 132).

Component mAUM.vV3 Urine Ersatz
(mg/L) (mg/L)
Ammonium*™* 226 50-631
Bicarbonate 381 41-757
Calcium™ 1.25 34-185
Chloride” 2041 774-8301
Iron™ 0.36 NA
Magnesium*™* 12.14 14-127
Nitrate™ 93 NA
Phosphate 3419 155-4312
Potassium™ 2111 238-2347
Sodium* 1153 432-4002
Sulfate 275 119-2111
Citric acid 96 77-679
Arginine* 200 NA
Asparagine* 57 45-132
Aspartic acid* 20 NA
Cystine* 50 2-6
Glutamic acid* 20 40-155
Glycine* 10 563-1802
Histidine* 15 776-2327
Proline* 40 NA
Isoleucine* 50 NA
Leucine* 50 26-101
Lysine* 40 47-424
Methionine* 15 NA
Phenylalanine* 15 NA
Serine* 30 210-730
Threonine* 20 95-381
Tryptophan* 5 NA
Tyrosine* 23 NA
Valine* 20 22-87
Urea 10220 10000-22857
Uric acid 67.2 NA
Creatine 588.386 NA
Creatinine NA 533-1333
Taurine NA 334-1614
L-Glutamine 203 438-1520
Alanine NA 143-615
Carnosine NA 36-283
D-Glucuronic acid NA 12-125
Phenol NA 3-12
Citrulline NA <1-19
Bilirubin NA <1-30
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The pH of mAUM (34) (hereafter referred to as mAUM.v1) was compared to
mAUM.v3 and mAUM.v4 with and without AgF, which is the disinfectant to be tested in
this study. Briefly, multiple batches of media were made and stored at 4°C for varying
amounts of time. The pH of each batch was read at the time of preparation and after
storage. The change in pH over time was calculated using linear regression analysis. The
pH of mAUM.v3 (blue triangles) showed increased pH stability relative to mAUM.v1
(red circles) (Figure 11, Table 8). The pH of mAUM.v4 (green squares), which is the
formulation which will be loaded into the flight hardware, trended toward further
increased stability, which was maintained in the presence of 400 ppb (parts per billion)
AgF (Figure 11, Table 8). It must be noted that due to the small sample sizes of
mAUM.v4 and mAUM.v4 with 400 ppb AgF, the statistical power of the regression

analysis for those media are low.
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Figure 11. Stability of pH of different formulations of mAUM. The pH of mAUM.v1
(red) increased more rapidly (y = 7.1685 + 0.0157x, R? = 0.7599) than mAUM.v3 (blue)
(y = 7.349 + 0.0080x, R?> = 0.3118). mAUM.v4 (green) (y = 7.2895 + 0.0001x, R? =
0.4452) and mAUM.v4 with 400 ppb AgF trended towards pH stability (yellow) (y =
7.6175 +0.0005x, R =0.0297).
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Table 8. Linear regression of pH change over time in mAUM. B | describes the change
in pH per day. mAUM.v3 and mAUM.v4 showed increased stability during storage
relative to mAUM.v1. mAUM.v4 stability was maintained with the addition of 400 ppb
Ag. (Ho: B1=0;*p <0.05, **p<0.01, ***p<0.001).

Coefficients
Media Bi St. Error DF R’
mAUM.v1 0.0157* 0.0033 7 0.760
mAUM.v3 0.0080%** 0.0026 20 0.312
mAUM.v4 0.0001 0.0002 1 0.802
mAUM.v4-AgF  0.0005 0.0016 3 0.030

Urea is known to be unstable in aqueous solution (133). Urea decomposition in
aqueous solution produces ammonium cyanate (133), which is toxic to many bacteria at
concentrations as low as 200 ppm (134). Additionally, urea is the primary source of
carbon in mAUM.v3 (hereafter referred to as mAUM) that is not in an amino acid, so
stability of urea during long-term storage is critical to extending mAUM shelf life. Urea
stability was assayed using a modified urease test (135, 136). Briefly, batches of mAUM
were prepared and stored at 4°C for up to 96 days. After storage, 5 mL from each batch
were inoculated with overnight culture of Proteus mirabilis 2573 (ATCC 49565) (Table
1), which had been cultured in LB broth at 37°C with shaking at 150 RPM. P. mirabilis
produces the enzyme, urease, that metabolizes urea to ammonia (135). Ammonia
concentration was then assayed using a phenol-hypochlorite reaction (136), which
produces a blue color in the presence of ammonia that can be read using a
spectrophotometer at 625 nm. Control reactions were also carried out using uninoculated
mAUM to account for ammonia already present in mAUM. Released ammonia was
calculated as described in Equation 1:

Released ammonia = A625(inoculated) — Agzs (control) (D

Over a period of 3 months, urea concentration was stable (Figure 12). Slight changes in
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urea concentration can be attributed to batch-to-batch variation.
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Figure 12. Urea stability in mAUM.v3 for 96 days. Over 96 days, urea concentration
remained stable in mAUM (Ho: 81 = 0, p = 0.268, Student’s T-test). Solid line indicates
linear regression of released ammonia over time; dashed line indicates 1 = 0.

Silver Fluoride Bioavailability

Silver binds readily to organic molecules (137), forming complexes which may
reduce the antimicrobial activity of ionic silver in mAUM. To ensure that the
antimicrobial activity of silver fluoride was stable after long term storage, silver fluoride
antimicrobial activity after storage in mAUM was assessed.

Batches of mAUM were mixed with 0, 400, 800, and 1600 ppb AgF and stored
for 3 days (“Fresh”) or 5.5 weeks at 4°C. Five mL of each batch was inoculated at 1 x 10°
CFU/mL, incubated for 24 hours at room temperature in static culture, and serially
diluted and plated for viable cell counts to determine bioactivity of AgF. No difference in
cell viability between fresh and 5.5-week-old mAUM was observed, indicating that AgF

antimicrobial activity was stable after long-term storage (Figure 13).
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Figure 13. Silver stability in mAUM. AgF which had been stored with mAUM for 5.5
weeks (gray bars) and 3 days (black bars, “Fresh”) showed the same amount of killing
against A) E. coli and B) P. aeruginosa, indicating that silver activity is stable even after
long-term storage at 4°C. The inoculation concentration is shown as white bars. No
significant difference was found between any fresh and 5.5-week media at any AgF
concentration (Welch’s T-test). Error bars indicate standard deviation.

Bacterial Cell Viability with Silver Fluoride

To determine the optimal concentration of AgF treatment for the flight
experiment, Ag" disinfection against cell viability was assayed in 125 mL Erlenmeyer
flasks containing 25 mL mAUM.v3 and a stainless-steel coupon. A stock solution of
silver (I) fluoride (Matrix Scientific 101775) was made at 1000 ppm in high resistance
(18 MQ) water, then sterilized by passing through a 0.2 um pore filter. A 100-ppm
working solution was made by diluting the stock solution 1:10 in high resistance (18
MQ) water; the final solution was filter sterilized. Both the stock and working solutions
were stored at 4°C in the dark in containers wrapped in foil. Silver fluoride was added to
mAUM.v3 at concentrations ranging from 0 ppb to 3200 ppb, then the flasks were

inoculated with P. aeruginosa PAO1 and E. coli F11 in mixed culture and incubated at
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ambient temperature in the dark for 24 hours to check for the short-term response or 1
week to check for the long-term response to silver disinfection. It must be noted that the
amount of oxygen in the batch culture may have been different in the batch culture as
compared to BioCell cultures, so the flasks were incubated statically rather than shaking,
to reduce the amount of oxygen introduced to the media. P. aeruginosa has been shown
to be more resistant to silver nanoparticles in aerobic growth than in anerobic growth,
which may have caused silver resistance to be higher in batch culture than in the BioCell
(138).

After incubation, mAUM broth was sampled directly for viable cell counting of
planktonic cells. To count viable bacterial cells in the biofilm, the stainless-steel coupon
was removed from the flask, gently rinsed once in sterile D-PBS, then submerged in 2
mL D-PBS and sonicated in a sonication bath (Fisher Scientific FS20) for 10 minutes to
release the bacterial cells. The sonicate was vortexed for 15 seconds to break up cell
clumps, then serially diluted and assayed for viable cell count. Biofilm viable cells are
presented as the density of surface coverage, which was calculated as described in

Equation 2:

CFU *2mL
2(10 mm = 10 mm) + 4(10 mm * 1 mm)

(2)

E. coli and P. aeruginosa in mixed culture resulted in higher numbers of viable
cells, showing higher resistance to Ag!'* in long exposure (Figure 14 B,D) than in short
exposure (Figure 14 A,C). Similar trends were seen between planktonic bacterial cells
(Figure 14 A,B) and bacterial cells in biofilms (Figure 14 C,D) at the same exposure

times. Interestingly, E. coli resistance to silver disinfection was lower when both biofilms
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and planktonic bacterial cells were exposed to 1600 ppb Ag!* than when exposed to 3200
ppb Ag!* for 1 day, and P. aeruginosa appeared equally susceptible after 1 day when
comparing 1600 and 3200 ppb Ag'* treatments (Figure 14 A,C). However, at 1-week
exposure, both planktonic and biofilm-associated E. coli and P. aeruginosa developed
resistance to 1600 ppb Ag!* but were unable grow when treated with 3200 ppb Ag'*. P.
aeruginosa produces pyocyanin, a blue-green pigmented phenazine that acts as an
antimicrobial against other bacterial species by inducing oxidative stress by the formation
of reactive oxygen species (139). Previous studies have shown that pyocyanin can
neutralize Ag'* ions by reducing ionic silver to the elemental form, Ag® (140).
Pyocyanin-mediated reduction of Ag!'* can also be carried out by E. coli (141).
Pyocyanin production in P. aeruginosa is inversely correlated to the rate of cell growth
(142). Whooley and Laughlin were able to induce production pyocyanin by reducing the
growth rate of log-phase P. aeruginosa (142). Pyocyanin production has also been shown
to be reduced in the presence of urea at 200 mM (the concentration of urea in mAUM is
180 mM) (143). I hypothesize that early inhibition of P. aeruginosa growth in the
presence of Ag!* (138) may have allowed the production of pyocyanin (142), but the
presence of urea, combined with low P. aeruginosa cell number might have caused the
rate of pyocyanin production to be low (143). Thus, the amount of time it may have taken
to neutralize Ag'* could have been dependent on the concentration of Ag!*, which may
have caused a delay in the initiation of growth. This effect might not have been seen in
cultures which were treated with weaker concentrations of Ag!*, since the lower
concentration could have been neutralized more quickly. If the rate of Ag'* neutralization

was slow enough that it took more than 24 hours to neutralize enough silver to allow P.
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aeruginosa and E. coli growth, I would expect to see the pattern shown here. Eventually,
the silver could have been neutralized, which might have allowed both P. aeruginosa and
E. coli to enter log-phase growth. Additionally, E. coli has been shown to be susceptible
to pyocyanin (144) , which may have contributed to the decrease in E. coli cell density
seen in 1600 ppb AgF treatment after 1 day. The toxicity of pyocyanin-produced reactive
oxygen species as a result of silver neutralization, combined with the toxicity of ionic
silver, may have caused an additional decrease in cell number. At 3200 ppb, it is possible
that the amount of silver bound to the bacterial cell membrane, proteins, and DNA (145)
may have been too strong to overcome, which might be why we did not see the
population rebound after 1 week incubation. An experiment investigating various
concentrations of pyocyanin against biofilm growth in the presence of AgF may support
this hypothesis.

After one day, planktonic and biofilm-associated E. coli and P. aeruginosa treated
with 400 ppb AgF, which is the maximum concentration identified by NASA for use as a
water disinfectant (146), were present in lower density than the same cells which were
untreated. At one week, planktonic cells and biofilms treated with 400 ppb AgF were
recovered, and increased numbers of P. aeruginosa planktonic cells were seen as
compared to the untreated (0 ppb) control, while E. coli planktonic cell numbers were
reduced (Figure 14 B). This data, combined with interesting results seen by confocal
microscopy which will be discussed in Chapter 3, led to the selection of 400 ppb as the

treatment concentration for the flight experiment.
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Figure 14. Effect of ionic silver on cell viability of mixed-culture planktonic and
biofilm culture. Silver exposure for 1 day (A,C) or 7 days (B,D) to mixed-culture
planktonic (A,B) or biofilm (C,D) growth showed that after long-term exposure, both E.
coli and P. aeruginosa were more resistant to silver fluoride treatment. Error bars
indicate standard deviation.

The effect of fluoride was not investigated here. Previous research shows that
fluoride ions have antimicrobial activity (147); however antimicrobial effect is typically
found at concentrations much higher than those used here. The antimicrobial effect of
fluoride ions has been investigated primarily in gram positive bacteria which are found in
the human oral cavity (147), but some studies investigating ionic fluoride susceptibility in
E. coli have been described. In one study, E. coli BW25113, a common lab strain, was
exposed to ionic fluoride (as a sodium salt) for 6 hours and no antimicrobial effect was
observed even at concentrations as high as 500 uM in rich media (LB) (148), or 20X the
concentration of AgF used in this study (the highest concentration of AgF used in this
study is 3,200 ppb, or 0.025 mM). In another study, Baker et al. found that E. coli

BW25113 growth was reduced after incubation for 16 hours at 30 mM NaF and inhibited
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at 200 mM NaF in rich media (LB) (149) — concentrations 1,200X and 800X the
concentration of fluoride used here, respectively. Only one study could be found
investigating the susceptibility of P. aeruginosa to fluoride, although they did not report
the P. aeruginosa strain studied (150). The minimum inhibitory concentration of fluoride
against P. aeruginosa was reported to be 0.6 mg/mL in rich media (LB broth) (150), or
187.5X the highest concentration of fluoride (3,200 ppb = 0.0032 mg/mL) used in this
study. Considering the extremely low dose of fluoride ions used in this research when
compared to inhibitory concentrations reported in the literature, I attribute the
antimicrobial effect of AgF seen in this study to the action of ionic silver.

Frozen Inoculum Stability

To minimize crew risk and time requirements, single-dose syringes containing
pre-mixed E. coli and P. aeruginosa frozen inoculum will be sent to the ISS to be mixed
directly into the sample well in flight. As such, the freezing buffer will be added to the
sample well with the bacterial cells. Glycerol, a common freezing medium used for
cryopreservation of bacteria, can be metabolized by both P. aeruginosa (151-155) and E.
coli (156-160). In P. aeruginosa, glycerol is known to increase pyocyanin production
(151-155). As discussed previously, pyocyanin produced by P. aeruginosa can act as an
antimicrobial against other species in mixed culture to enhance P. aeruginosa
competition (112). As a carbon source, glycerol is energy-poor (161). E. coli has been
shown to activate stress-response pathways when metabolizing low-energy carbon in
minimal media, such as mAUM (162-164). Thus, it has been postulated that glycerol
metabolism may induce a stress response in E. coli, although this has not been studied

(161). It is possible that using glycerol as the freezing buffer for the frozen inoculum
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could confer a competitive advantage to P. aeruginosa when incubated in mAUM as a
mixed culture with E. coli. Glycerol is also not described in the urine ersatz formulation
discussed earlier (104, 132). Thus, glycerol is not suitable for use as a freezing buffer for
the flight experiment.

Considering the wide range of time points which will be used for the flight
experiment, the inoculum dose must be stable for a minimum of 45 days. Previous
research suggests that concentrated solutions of amino acids may be used as a bacterial
freezing buffer (165—-168), although this has not been extensively investigated.
Considering the need to avoid introducing glycerol to the sample well, we investigated
whether this approach could be used for the flight experiment. mAUM includes two
concentrated, commercially available amino acid solutions: 50X RPMI 1640 Amino
Acids (Sigma-Aldrich R7131) and 100X L-glutamine (VWR L0131), which could
potentially be used as a freezing buffer. We hypothesized that we could withhold the
amino acid solutions from mAUM which was loaded into the BioCell wells, and instead
combine them for use as a freezing buffer to stabilize the single-dose frozen inoculum.
When the BioCells are inoculated in flight, the mixing of the freezing buffer into mAUM
without amino acids (mAUM.v4) will produce mAUM.v3, the intended experimental
medium, without introduction of an additional cryopreservative.

This work was completed by collaborators at Arizona State University. Briefly, 1
mL of stationary phase, 3 day broth cultures of E. coli (1.50 x 107 CFU) and P.
aeruginosa (1.75 x 107 CFU) in mAUM were centrifuged at 7000 R.P.M. for 7 minutes.
We selected a 1:1 ratio of E. coli to P. aeruginosa as our inoculum to avoid introducing a

competitive advantage to one species based on bacterial cell number in the inoculum
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dose. The supernatant was removed, and the cell pellet was resuspended in a volume
equal to the supernatant of freezing media (FM): 25X RPMI 1640 amino acid solution
(Sigma R7131) with 25X L-glutamine (VWR 02-0131-0100). The entire 1 mL volumes
of E. coli and P. aeruginosa were each diluted 1:10 into 9 mL FM, and then combined to
produce a 1:20 dilution of each strain in FM. The resulting inoculum was aliquoted as 68
pL aliquots into 1 cc needleless syringes, capped with Luer-lock caps, and stored at -
80°C in batches of 10 syringes for 3 to 6 days, approximately 1 month, 2 months, and 3
months. The syringes were removed from the freezer and thawed to room temperature,
then quantified using serial dilution plating onto LB with either nalidixic acid (10 pg/mL)
to select for P. aeruginosa or cefsulodin (25 pg/mL) to select for E. coli. The resulting
plates were evaluated to determine cell viability after storage. As a control, the starting
cell concentration of the inoculum was also measured by serial dilution plating prior to
freezing.

Over three months of storage, there was no statistically significant decrease in E.
coli or P. aeruginosa cell viability as measured by viable cell counting (Figure 15 A, C).
A significant decrease in viable cell number was seen in E. coli after three months storage
at -80°C when compared to the samples which were stored for two months; however,
statistical analysis shows that there was no difference in bacterial cell recovery when
comparing 3 months to 3-5 days or to 1 month, indicating that the difference in recovery
between two and three months storage may have arisen from an increase in E. coli
recovery at 2 months, rather than a decrease in cell recovery at 3 months (Figure 13 B).
Indeed, percent survival of E. coli, calculated as the concentration of bacterial cells which

were recovered after freezing divided by the concentration of bacterial cells in FM before
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freezing, showed an increase in E. coli recovery at two months when compared to percent
recovery at all other storage times (Figure 13 D). This may have been the result of an
experimental error. If the two-month frozen inoculum was left to thaw for an extended
time, E. coli in the freezing buffer may have begun to metabolize the amino acids and
begun to replicate, leading to an increase in bacterial cell number at two months.
Alternatively, the two-month stored inoculum may have been placed in a warmer location
during thawing, which would have increased the thawing rate. Importantly, there was no
decrease in the concentration or percentage of E. coli or P. aeruginosa cells after one,
two, or three months storage at -80°C when compared to the inoculum which was stored
for 3-6 days, which exceeded the requirement for inoculum stability for 45 days,

indicating that FM is an acceptable freezing buffer for use in the flight experiment.
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Figure 15. Frozen inoculum stability after storage at -80°C. Top: Stability of mixed-
species inoculum as measured by viable cell counting. A) P. aeruginosa PAO1 showed
no loss in viability as storage time at -80°C increases when compared to the short-term
(days) storage time. B) E. coli F11 also showed no loss viability over one, two, and 3
months at -80°C when compared to the short-term (days) storage time. Bottom: Stability
as determined by percent survival. Percent survival was calculated as the number of
bacterial cells surviving divided by the number of bacterial cells mixed into the inoculum.
C) P. aeruginosa showed no change in recovery. D) E. coli showed no decrease in
recovery at after one, two, or three months when compared to the short-term (days)
storage time. E. coli showed an increase in recovery at 2 months, which may have been
the result of an experimental error. Statistics: Tukey’s HSD, 95% confidence interval. N:
Days = 15; 1 month = 6; 2 months = 8; 3 months = 6.

Flight Hardware and 316L Stainless Steel Coupons

BioCells (BioServe Space Technologies, Boulder CO) were selected as the

culturing vessel for the flight experiment. BioCells are 12-well plates that are easily
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customizable, and the general design has already been approved by NASA for flight. The
BioCell is covered with a flexible, optically pure, gas permeable, fluorinated ethylene
propylene (FEP) Teflon membrane. The optically pure membrane allows imaging of the
biofilm in the growth configuration, without the need to remove the stainless-steel
coupons or membrane. The stainless-steel grade and finish were selected to match
materials used in the ISS WRS. For this research, we used 1 (+/-0.1) cm? 316L grade
stainless steel coupons with a 2B brushed finish, which were affixed to a pedestal inside
each well of the BioCell, to act as a biofilm attachment surface (Figure 16 A). The
pedestal raised the coupon to sit 2 mm below the FEP Teflon membrane (Figure 11 B),
so that it could be imaged using a microscope lens with a working distance of at least 2

mm, without the need to remove the FEP Teflon membrane.

Figure 16. BioCell hardware. A) A 12-well BioCell that has been adapted for this
experiment with a pedestal to which a 316L stainless steel coupon has been affixed. B)
Schematic of the interior of the well showing the pedestal height as the 2 mm distance
between the surface of the coupon (green, opaque) and the FEP Teflon membrane (green,
transparent). Figure B was provided by BioServe Space Technologies.

Biofilms in the ISS WRS have been observed on components which are

composed of 316L stainless steel (16, 103, 169). Thus, coupons composed of 316L
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stainless steel with a brushed finished were selected as the attachment surface for biofilm
growth. Two cutting methods, punch-cutting and diamond-wire saw cutting, were
considered with respect to stainless steel coupon geometry and damage to the cut edge to
determine the best method of preparation.

Punch-cutting resulted in coupons that were flat on the top surface, but rounded
on the bottom (Figure 17A), which prevented complete adherence to the BioCell
pedestal, resulting in the coupons detaching from the BioCell during autoclaving (Figure
17B). Diamond-wire saw cutting produced coupons which were completely flat on both
sides (Figure 17C). Scanning electron microscopy (SEM) showed distinct differences in
the coupon edge between these two cutting methods. Punched coupon edges were more
damaged and irregular and had rough edges (Figure 17D, top). Coupon edge uniformity
was preferred as rough edges can increase microbial access to the stainless steel, which
may affect the amount of corrosion seen at the coupon edge. Diamond-wire saw cut
coupons had edges that were even and regular (Figure 17D, bottom). Based on increased
flatness and edge uniformity, diamond-wire saw cutting was selected as the method of

coupon preparation.
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Figure 17. Stainless steel coupon geometry. A) Punched coupons showed curving on
the back surface (right) but not the front (left). B) Punched coupons detached from the
BioCell pedestal during autoclaving. C) Diamond-wire saw cut coupons were completely
flat on the front (left) and back (right). D) SEM of the coupon edge shows that the cut
edge (bottom panels) was more uniform than the punched edge (top panels). Red boxes
on the left panels indicate differences in the coupon edge between the two cutting
methods and are lower magnification images of the right panels.

To ensure that the stainless-steel coupons did not contaminate the BioCell with
any residues from the manufacturing or cutting process which could have potentially
impacted biofilm formation, a cleaning protocol was developed. All stainless-steel
coupons were cleaned by soaking in 1% (w/v) Tergazyme (Alconox 1304-1) for 1 hour
with gentle shaking (100 RPM) on a rotary platform. Coupons were rinsed 5 times for 5

minutes each in a sterile deionized water bath with gentle shaking (100 RPM), then 5
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times for 5 minutes each in a sterile high-resistance (18 MQ; “MilliQ”) water bath with
gentle shaking (100 RPM). The coupons were then air dried and autoclaved using
standard autoclave conditions with fast exhaust to promote evaporation of any condensed
steam. Coupon cleaning effectiveness was measured using Electron Dispersive
Spectroscopy (EDS) and compared to the metallurgical report provided by the stainless-
steel manufacturer. Electron dispersive spectroscopy (EDS) analysis was performed on a
JEOL JSM-6010 PLUS/LA SEM using the JEOL EDS System. Both mapping and spot
analysis were performed.

EDS analysis showed that cleaning with 1% (w/v) Tergazyme was effective at
removing contaminating carbon and aluminum (Figure 18). Carbon and aluminum were
possibly residues that accumulated during storage or the cutting process. Oxygen was
detected on both the cleaned and uncleaned coupons but was not noted on the
manufacturer’s metallurgical report. It is possible that the buildup of oxygen was the

result of oxidation during storage and could not be avoided.
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Figure 18. Stainless steel coupon cleaning effectiveness. EDS spectroscopy of cleaned
(blue) and uncleaned (green) coupons showed that cleaning with Tergazyme was
effective at removing contaminating carbon and aluminum. Metallurgical (red) bars show
the percentage of each component as reported in the metallurgical report which was
supplied by the stainless steel manufacturer.

During launch, in-flight incubation, and sample return, the BioCells will be
loaded into Plate Habitats (P-HABs, BioServe Space Technologies, Boulder CO). The P-
HAB (Figure 19 A) is a closed box which serves as an incubation chamber and provides
the additional level of containment that is necessary to keep flight crew safe in the event
of a BioCell failure during incubation. There are two vents (Figure 19 A, arrows), which
allow air flow into the P-HAB, and the interior is fitted with slots that fit multiple
BioCells (Figure 19 B).

In flight, the BioCell will be removed from the P-HAB and loaded into a plate
holder (Figure 19 C, D), which has a slot to hold one BioCell, and a thick plastic

protective cover to prevent rupture of the FEP Teflon membrane during mixing (Figure
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19 C). The plate holder allows for inoculation, fixation, and mixing of the samples using

a syringe (Figure 19 D).

Figure 19. P-HAB and plate holder hardware. A) The P-HAB, when closed, serves as
both an incubation chamber and as a secondary level of containment. The lid is equipped
with two vents (arrows). B) The interior of the P-HAB can hold several plates. C) The
plate holder has a slot that can hold and stabilize one BioCell for inoculation or addition
of fixative. D) A BioCell is inoculated while in the plate holder.
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Fixation in Paraformaldehyde

Flight-grown biofilm samples will be fixed with paraformaldehyde (PFA) on-
board the ISS and then returned for ground analysis via confocal microscopy and SEM.
To minimize crew time and risk, samples cannot be fixed using the standard 20-minute
fixation time, followed by washing and storage in PBS buffer. As such, it was necessary
that fluorescence and biofilm structure stability with long-term storage in PFA was
examined.

To determine loss of GFP and mCherry fluorescence during long-term storage of
biofilms in PFA, biofilms were cultured for one week in mAUM-filled BioCells, then
fixed with 4% PFA diluted in Dulbecco’s PBS (D-PBS) (Gibco, cat no. 14190-144), or in
D-PBS as a control, at 4°C for 20 minutes, 1 week, and 1 month. D-PBS was used for
sample storage and microscopy to ensure that batch-to-batch variability in the
concentration of each component will not affect sample integrity, and has only a slight
change in formulation from PBS (KH2POj is reduced to 1.47 mM, from 1.8 mM, and
NaxHPOy is reduced to 8.06 mM from 10 mM). After fixing, the biofilms were washed 3
times with D-PBS, then the wells were filled with D-PBS and imaged using confocal
microscopy at 60X. For wells where there was notable signal loss, supplemental staining
with fluorophore-conjugated antibodies was tested. The wells were stained in one step in
D-PBS buffer with anti-mCherry rat monoclonal antibody (clone 16D7) conjugated with
Alexa Fluor 594 (5 pg/mL; Invitrogen M11240) and anti-GFP rabbit polyclonal antibody
conjugated with Alexa Fluor 488 (5 ug/mL; Invitrogen A21311), then triple washed and
stored in D-PBS. To assay loss of signal, the laser power and voltage of the respective

lasers were set using the 20-minute fix control, and then held constant for the PFA-
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treated biofilms. All views were taken as Z-stacks using sequential imaging and are
presented as maximum intensity Z projections. There was no notable decrease in signal
brightness between 20 minutes and 2 weeks of fixing; however, after 1 month the signal
brightness was markedly lower. However, even after 1 month of storage in PFA, the
signal level was detectible (Figure 18 A). Supplemental staining with fluorophore
conjugated antibodies was able to augment the faded signal (Figure 18 B). Thus, storage

in PFA for up to one month is practicable, and decreased signal intensity is recoverable

by antibody staining.
A Unstained B Stained
PFA Fixation Time PFA Fixation Time
20 Minutes 1 Week 1 Month 1 Month

0% PFA

4% PFA

P. aeruginosa: GFP (green); E. coli: mCherry (red)

Anti-GFP+Alexafluor 488 (green);
Anti-mCherry Alexafluor 594 (red)

4% PFA

Figure 20. Fluorescence detection after fixing with PFA. GFP and mCherry
fluorescence detected after incubation at 4°C with 0% and 4% PFA in D-PBS for 20
minutes, 1 week, and 1 month. A) Unstained E. coli and P. aeruginosa mixed culture
biofilms grown 316L stainless steel showed a decrease in GFP and mCherry brightness
that was most pronounced after 1 month’s fixation. B) Fluorescent signal from biofilms
which were fixed for 1 month with PFA was recovered after staining with signal-boosting
anti-mCherry and anti-GFP antibodies. Images were captured sequentially as Z-stacks
and are maximum-intensity projections. Scale bars = 30 pum.
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RNA Preservation for Transcriptomics

Samples for transcriptomic analysis via RNA-seq will be preserved with
RNAlater II (ThermoFisher, cat no. B7024) in-flight and stored at -80°C for sample
return. After the samples have been returned, they will be thawed, then RNA will be
extracted using the Qiagen miRNeasy Mini kit (Qiagen, cat no. 217004). RNA will be
quantified using a Nanodrop spectrophotometer and RNA integrity will be confirmed
using an Agilent Bioanalyzer and then converted to cDNA using the Agilent Bravo liquid
handler. The resulting cDNA will be sheared, checked for quality using a bioanalyzer,
sequenced using [llumina NextSeq, and aligned to reference genomes. After analysis
using EdgeR (Bioconducter), identified genes of interest will be confirmed by qPCR
analysis. This work will be performed by a core facility at Arizona State University.

The RNA quality of mixed-species E. coli and P. aeruginosa biofilms grown in
BioCells has been assessed by Bioanalyzer at Arizona State University, and the quality
was found to be acceptable for downstream analysis.

Biofilm Matrix Staining

P. aeruginosa and E. coli produce different biofilm matrices. The polysaccharide
component of P. aeruginosa biofilm matrix is primarily composed three polysaccharides:
alginate, Pel, and Psl. Alginate-producing P. aeruginosa strains are typically mucoid and
are often found in cystic fibrosis lung infections (170). Mucoid strains of P. aeruginosa
have a mutation in mucA, the gene that codes for a repressor of alginate production,
which leads to overproduction of alginate-based biofilm matrix (171). P. aeruginosa
PAOL1 is non-mucoid, thus alginate is not a major component of the PAO1 biofilm matrix

(171). Pel is known to control P. aeruginosa pellicle formation and is essential for
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attached biofilm maturation but is not required to initiate attached biofilm formation
(172). Pel is composed of N-acetylgalactosamine and N-acetylglucosamine (173). The
extracellular polysaccharide Psl is the primary biofilm matrix in P. aeruginosa PAO1
(174, 175). Psl is composed of mannose and galactose monomers (176, 177) and plays a
role in biofilm initiation (178, 179) and adherence to biotic and abiotic surfaces (178). Psl
is readily stained by the mannose-binding lectin, concanavalin A (180), which is
commercially available as a conjugate to many different fluorophores.

The polysaccharide component of the E. coli biofilm matrix is composed of
cellulose (181, 182), poly-B-1,6-N-acetyl-D-glucosamine (PGA) (181, 183), and colanic
acid (181, 184). Cellulose is the major structural polysaccharide in E. coli biofilms (182,
185). PGA is an adhesin that is involved in cell-to-cell adhesion and abiotic surface
attachment (183). Colanic acid plays a role in biofilm maturation (186—188) and has been
implicated in stress response to desiccation (189, 190). The cellulose component of E.
coli biofilm matrix can be stained with UV-fluorescent Calcofluor White (181, 191).
While the matrices of both P. aeruginosa and E. coli have been well-studied in
monoculture, an extensive search of the current literature did not yield any studies which
investigated E. coli and P. aeruginosa matrix composition in mixed culture. Therefore,
the mixed-species E. coli and P. aeruginosa biofilm matrix distribution will be
investigated in flight and ground controls.

Biofilm matrix staining can reveal additional information about biofilm structure
which cannot be revealed with cell staining alone, such as local distribution of matrix
type and matrix thickness with and without disinfectant treatment. Concanavalin A

(ConA) conjugated to Alexa Fluor 633 (ThermoFisher cat no. C21402), and Calcoflour
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White (Biotium cat no. 29067) were tested in combination with anti-GFP conjugated with
Alexa Fluor 488 and anti-mCherry conjugated with Alexa Fluor 594 for single-step
staining. A single staining buffer was mixed in D-PBS with both antibodies (5 pg/mL
each), ConA (200 mg/mL) and Calcofluor White (0.8 mM). The wells of a BioCell
containing 2-week old E. coli and P. aeruginosa mixed-species biofilms were filled with
the staining buffer and incubated for 15 minutes at ambient temperature in a dark room,
then triple rinsed and refilled with D-PBS. The stained wells were imaged by confocal
microscopy with an Olympus FluoView FV-1000 confocal microscope, equipped with an
Olympus UMPIlanFL N 60X/1.00 water immersion lens, which has a 2 mm working
distance. Micrographs were captured in a darkroom using a 488 nm argon laser for GFP,
a 559 nm diode laser for mCherry, a 635 nm diode laser for ConA conjugated with Alexa
Fluor 633, and a 405 nm diode laser for Calcofluor white. To capture all four
fluorophores, each view was captured twice a z-stack. The first capture used the 488 nm
laser to detect GFP and the 559 nm laser to capture mCherry using sequential imaging.
The second capture used the 405 nm laser to capture Calcofluor white and the 633 nm
laser to capture ConA using sequential imaging. ImagelJ (192), accessed by Fiji (193),
was used to make minor adjustments to brightness and contrast to the micrographs, then
all four dyes were overlaid to create a composite image. The Z-stacks were Z-projected
using maximum intensity projection, and rendered into 3-dimensional images using 3D-
Viewer (194). Biofilms in the BioCell typically grow segregated, with P. aeruginosa
colonizing the Teflon membrane and E. coli colonizing the stainless-steel surface. Thus,
both surfaces were captured in a single well to show verify that calcofluor white

selectively stained E. coli matrix and ConA selectively stained P. aeruginosa matrix.
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Microscopy shows that Calcofluor White (blue) detected E. coli (red) biofilm
matrix (Figure 21A), and ConA (yellow) was typically associated with P. aeruginosa
biofilm matrix (Figure 21B). Moreover, the addition of anti-GFP and anti-mCherry
antibodies did not prevent ConA or Calcofluor white staining, which showed that GFP

and mCherry signal could be enhanced and the matrix could be stained in a single step.

Top View FEP Teflon

Membrane

Top View

Vv

Bottom View Bottom View

Zz
X

Stainless steel
coupon

E. coli (red); P. aeruginosa (green); Calcofluor White (blue); Concanavalin A (yellow)

Figure 21. Biofilm matrix staining. Staining with ConA (yellow) and Calcofluor White
(blue) of mixed-culture E. coli (red) and P. aeruginosa (green) biofilms allowed
differentiation of matrix associated with each cell species. A) E. coli biofilm matrix on
stainless-steel, which was primarily composed of cellulose, was stained blue with
Calcofluor White. B) P. aeruginosa biofilm matrix on FEP Teflon, which was primarily
composed of PSL, was stained yellow with concanavalin A. The addition of anti-GFP
and anti-mCherry antibodies conjugated with the cognate fluorophores did not prevent
ConA or Calcofluor White staining.

Experimental Timeline

Biosafety Level 2 organisms, such as E. coli and P. aeruginosa, must remain
contained at all times in space flight. Changing the media in the BioCells during flight

would greatly increase the likelihood that E. coli and P. aeruginosa containment would
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not be maintained, posing a risk to astronauts on the ISS, so changing media in flight is
not an option. However, sample integrity must also be considered. Therefore, the
experimental timeline is limited by the amount of time that E. coli and P. aeruginosa
biofilms can survive in the BioCell. To determine survival, BioCells were filled with
mAUM.v4, inoculated with frozen and thawed E. coli and P. aeruginosa mixed
inoculum, and incubated for 4, 14, 24, 42, and 56 days at Arizona State University. After
incubation, the BioCells were fixed with 4% PFA, then cold-shipped to Texas State
University. At Texas State, the BioCells were washed three times with cold D-PBS, then
refilled with D-PBS and imaged by confocal microscopy.

At 4 and 14 days, biofilm growth was apparent on the stainless-steel surface
(Figure 22). At 24 days, there was a notable loss of biofilm, but fluorescing bacterial cells
were still present. At 42 and 56 days, no GFP or mCherry were detected. Thus, our early,
middle, and late biofilm time points were set to 4 (+/- 1), 14 (+/- 1) and 24 (+/-3) days for

flight.

Stainless-steel biofilms: E. coli (red); P. aeruginosa (green)

Figure 22. Biofilm survival on stainless steel in the BioCell. Mixed culture biofilm
growth of E. coli (red) and P. aeruginosa (green) on the stainless-steel coupon in the
BioCell for 4, 14, 24, 42, and 56 days showed that biofilm was only detectible at 4, 14,
and 24 days, as determined by GFP and mCherry fluorescence. Images are maximum z
projections. Scale bars = 30 pum.
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As was shown previously, GFP and mCherry fluorescence begins to degrade
notably after approximately 1 month of storage in PFA. The expected time from sample
packing to PI handover for the return flight from the ISS is approximately 1-2 weeks.
Therefore, it is necessary that all samples are fixed as close as possible to the unberthing
of SpaceX Cargo Dragon from the ISS, as this is the return mission for our samples. To
facilitate this effort, the in-flight inoculation of our bacterial samples into the BioCells
was scheduled using a staggered inoculation method (Figure 23), so that all samples
could be fixed at approximately the same time. Although a staggered inoculation method
will be used, all BioCell wells will be loaded with media at the same time before flight,
from the same batch of media, to avoid unintended changes from batch-to-batch

differences in concentration or media age.

Day O 10 20 24

Sample processing
Inoculate > and data collection

24d Inoculate
14d

_>
Inoculate  Fix All
4d

Figure 23. Inoculation and fixing timeline for the flight experiment. To minimize the
exposure time to PFA, and thus prevent the loss of fluorophore brightness, the flight
experiment will use a staggered bacterial inoculation and simultaneous fixing, the latter
of which will occur as late as possible.

Statistical Analysis and Graphing

Statistical analysis and graphing were carried out using R (Version 3.5.1) (195),

accessed by RStudio (Version 1.2.1335) (196) on macOS Catalina (Version 10.15.6). For
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statistical analysis, the packages dplyr (197), scales (198), and broom (199) were used.
All graphs were plotted using ggplot2 (200) with functions from reshape2 (201), tidyr
(202), gridExtra (203), and plotrix (204) applied as needed.
Conclusion

Each of the individual parameters for the flight experiment have been optimized.
To summarize the flight method, all BioCells will be filled with a single batch of
mAUM.v4, with and without 400 ppb AgF, and loaded into P-HABs. In-flight, the
BioCells will be inoculated with single-dose mixed-species inoculum suspended in FM
using a staggered inoculation schedule (Figure 21). The mixing of FM and mAUM.v4
will result in the correct formulation of mAUM.v3. Inoculated BioCells will be returned
to the P-HAB and incubated at ambient temperature for 4 (+/- 1), 14 (+/- 1) and 24 (+/-3)
days, then all samples will be fixed with 4% PFA for microscopy or preserved with
RNAlater II for transcriptomics as close to unberthing as possible. Upon sample return,
PFA-fixed BioCells will be triple-washed with D-PBS and imaged via confocal
microscopy, then the coupons will be removed from the BioCells and stored in HEPES
for E-SEM imaging. The use of HEPES is discussed in Chapter 3. After E-SEM imaging,
the biofilms will be removed from the coupons by sonication, and the coupons will be
reanalyzed for corrosion using high-vacuum SEM and EDS analysis as needed. All
imaging analysis will take place at Texas State University. The RNAlater II preserved
BioCells will be returned to Arizona State University for RNA-seq and subsequent

transcriptomic analysis.
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Post-Flight Analysis Pathway
BioCells return from the ISS
|
RNA-fixed BioCells to PFA-fixed BioCells to
ASU TXST
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RNA extraction Confocal microscopy
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\ \]
Transcriptomics Confocal microscopy
\
E-SEM
\]
Remove biofilms
\/
High-vacuum SEM with
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Figure 24. Post-flight analysis pathway. After the BioCells are returned to Earth from
the ISS, the RNA-preserved BioCells (left) will be shipped to Arizona State University
(ASU) for RNA extraction, RNA-seq, and transcriptomics analysis. PFA-fixed BioCells
(right) will be returned to Texas State University (TXST) for confocal microscopy,
matrix staining, environmental SEM, and high vacuum SEM with EDS analysis as
needed.
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II1. GROUND-BASED BASELINE OF LONG-TERM DISINFECTION OF
BIOFILMS BY SILVER FLUORIDE

Biofilm ECM confers increased antibiotic and disinfectant tolerance by serving as
a diffusion barrier (205-207). Microorganisms in a biofilm community accumulate
signaling molecules, metabolic byproducts, and bacteriocins which can contribute to
microbial acclimation, resulting in enhanced antibiotic and disinfectant tolerance, which
is conferred in part by the biofilm matrix (207-210). The term tolerance is used because
microorganisms regain susceptibility to antimicrobial agents when they leave the sessile
biofilm population and enter the unattached, planktonic population (211).

Biofilms represent a major risk to sustainable water filtration systems due to long-
term persistence and difficulty of disinfection. Of note, biofilms can clog filtration
substrate and cause material corrosion, damaging system function, integrity, and
sustainability (6, 102). Due to persistence and increased tolerance to disinfectants,
biofilms represent a major risk in supporting sustainability of water purification systems
in various industries (212). The Water Recovery System (WRS) of the Environmental
Control and Life Support System (ECLSS) on the International Space Station is one such
system. WRS provides water to astronauts on the ISS by collecting waste water in the
form of astronaut urine, sweat, and breath vapor and purifying it to potable water (17). In
ECLSS, a persistent biofilm has formed that resists long-term disinfection (21). There is
an urgent need to develop effective disinfection strategies against such biofilms because
astronauts on board rely on ECLSS as their primary source of drinking water.

Current strategies in water treatment for biofilm control include prevention and

disinfection. To prevent biofilm formation, anti-biofilm materials and finishes, which
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have been precleaned, are used during construction of equipment (213). On ISS, iodine
salts are used to disinfect water treated in ECLSS (16), and ionic silver is used to
disinfect water treated by SRV-K, the Russian water recovery system (20). Prolonged
exposure to iodine can cause hypothyroidism and sensitivity reactions (19). By contrast,
ionic silver is safe for human consumption except at very high concentrations (214). Ionic
silver has also been identified by NASA as a potential disinfectant to be used on future
long-term space missions at concentrations up to 400 parts per billion (ppb) (146).
Silver-based disinfection has previously been found to be effective against
biofilms in long-term studies (215, 216), although these studies primarily investigated
cell viability through colony counts (215, 216), presence/absence detection of specific
species through molecular techniques (216), or by detecting biomass using staining
techniques (217). While some studies have used microscopy to observe biofilms which
have been treated with silver, such studies have only investigated silver penetration and
aggregation in the biofilm matrix (29, 218) and have not investigated biofilm structure
with respect to distribution of specific cell types in biofilms formed on stainless steel.
Ionic silver is known to be toxic to bacterial cells in the +1 ionic form (140, 141).
Both P. aeruginosa and E. coli display resistance to silver toxicity. P. aeruginosa is
resistant to silver disinfection by production of the antimicrobial reducing agent,
pyocyanin, which converts Ag!'* to the elemental form (Ag°) in aerobic conditions (140).
In E. coli, silver resistance is conferred by two point mutations that result in the loss of
the porin, OmpF, resulting is decreased outer membrane permeability, and increased
expression of the Cus efflux system, which allows silver ions to be transported out of the

cell (219).
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As of 2016, nine urinary tract infections (UTIs) have been reported in space flight
(220). Space flight-associated risk factors, such as urinary retention due to incomplete
voiding of the bladder in the low gravity environment, delayed access to facilities, and
unclean urinary collection devices may increase the risk of UTI infection for astronauts in
space flight (221). Thus, we have selected E. coli F11, which was isolated from a patient
with clinical cystitis (125) and the P. aeruginosa standard strain, PAO1, which were
grown in an artificial urine medium for this study. To investigate long-term disinfection
on the presence of UTI pathogens in the ECLSS WRS, we developed a long-term study
to investigate the formation, structure, disinfection tolerance, population composition,
attachment substrate effects, and gene expression in mixed species P. aeruginosa and E.
coli biofilms in the presence of Ag!'".

Materials and Methods

Overview

This section utilizes samples which were prepared as described in Chapter 2. At
Arizona State University, BioCells were filled with mAUM.v4 and stored at 4°C for 7
days to simulate the time between BioCell loading and experiment initiation after launch
to the ISS. The BioCells were inoculated using frozen and thawed inoculum in FM, then
incubated for 4, 14, and 24 days according to the schedule outlined in Figure 23. All
BioCells were fixed simultaneously and then shipped to Texas State University for post-
fix washing, microscopy, and analysis.
Bacterial Culture in BioCells

For confocal microscopy, three BioCells were used as the culturing vessels. The

BioCells were filled, inoculated, and incubated at Arizona State University. All wells
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were filled on the same day with 1.7 mL mAUM.v4 and stored at 4°C for 7 days (24-day
BioCell), 17 days (14-day BioCell), or 27 days (4-day BioCell) to simulate handover,
launch, and storage time during the flight experiment, as per the staggered inoculation
schedule discussed in Chapter 2 (Figure 21). After storage, each BioCell was warmed
and inoculated with 6.4 x 10° CFU E. coli F11 and 1.86 x 10° CFU P. aeruginosa PAO1
in frozen-thawed FM, as these are the cell numbers which are recovered from frozen FM
after thawing. Ag'* treated wells contained AgF at 400 ppb. The BioCells were incubated
for 4 days, 14 days, or 25 days at room temperature in the P-HAB. Of note, the BioCells
were incubated in a vertical orientation as a result of the design of the P-HAB (Figure 19
A, B). During incubation, bacterial cell settling was noticed at the bottom edge of the
wells. Thus, the 3.5 week BioCell was mixed once during incubation by briefly inverting
the BioCell, and then returning the BioCell to the original orientation. After this initial
mixing, it was decided that mixing was not necessary and may lead to artifacts in the
data, so this mixing step was not repeated with the other BioCells. After incubation,
biofilms were fixed with 4% PFA at 4°C for several days, then packed and cold-shipped
to Texas State University. Upon receipt, the BioCells were unpacked and stored at 4°C
overnight, then triple washed with D-PBS. Washed BioCell wells were filled with D-PBS
for storage and microscopy.
E-SEM

After confocal analysis was complete, the coupons were removed from the
BioCells for E-SEM and SEM analysis. D-PBS was removed from the wells, and the FEP
Teflon membrane was cut with a sterile scalpel and discarded. The coupons were gently

removed from the pedestal and submerged in D-PBS or 0.1 M HEPES (pH 7.4) (222) for
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transport to the SEM lab. In the SEM lab, the coupons which were stored in D-PBS were
directly loaded to the sample pin. Imaging with D-PBS showed that the high
concentration of sodium ions may have altered the architecture of the biofilm (Figure
25), so the remaining coupons were stored in 0.1 M HEPES which did not appear to alter
the biofilm structure. The coupons which were stored in 0.1 M HEPES were dipped once
in deionized water before loading the sample pin, as residual HEPES blocked electrons
from reaching the sample surface. All samples were attached to a sample pin using
carbon tape. Environmental scanning electron microscopy (E-SEM) was carried out with
a JEOL JSM-6010 PLUS/LA SEM using low vacuum (50 Pa) mode.

Results and Discussion

Characterization of Long-Term Biofilm Growth in BioCells

Population dynamics of biofilms grown in the BioCell were different depending
on the surface on which the biofilm formed. Early biofilms on the stainless-steel coupons
(Figure 25 A) were E. coli dominated, but at 14 days the E. coli (red) cell number
dropped notably, and P. aeruginosa (green) was present in higher numbers. At 24 days,
the biofilm on the stainless steel was nearly undetectable, which may have been due to
loss of viability from lack of nutrients, or dispersion of bacterial cells from the biofilm
into the liquid media. Dispersion can be induced by poor nutrient availability, as has been
shown in P. aeruginosa (223). Biofilm formation on the gas permeable FEP Teflon
membrane may alter the rate of gas diffusion through the membrane, changing the
oxygenation level at the stainless steel surface. Thus, biofilms formed on FEP were also
examined. FEP Teflon-associated biofilms (Figure 25 C) showed a different trend than

biofilms formed on the stainless steel. At 14 days, E. coli had established growth on the
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Teflon surface and P. aeruginosa biofilms were becoming patchy. At 24 days, the FEP
Teflon was more predominantly colonized by E. coli and P. aeruginosa was present only
as isolated cells. This change in the biofilm population may have been caused by the
mixing of the 24 day BioCell as well as the vertical incubation orientation of all BioCells.
It was noted in batch culture that E. coli in mAUM readily sedimented to the bottom of
the culture. Incubating the BioCells in the vertical orientation, as well as mixing the 3.5
week BioCell during incubation may have increased E. coli access to the FEP Teflon

membrane, which may be one method of E. coli introduction to the FEP Teflon surface.
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Figure 25. Mixed-culture biofilm growth in mAUM. A) Biofilm growth on stainless-
steel coupons is E. coli (red) dominated, especially in 4-day biofilms. At 14 days, more P.
aeruginosa (green) are present on the stainless steel. At 24 days, the stainless-steel
associated biofilm is nearly undetectable. Negative refers to wells which were filled with
mAUM, but not inoculated. B) E-SEM micrographs show that the loss in fluorescence is
consistent with the loss of biofilm coverage. Yellow arrows indicate representative cells,
seen as dark spots. Red arrows indicate possible sodium-disrupted biofilm matrix and
sodium crystals, which had a “leafy” appearance. C) Biofilms associated with the FEP
Teflon membrane are P. aeruginosa dominant in early growth. After 14 days, E. coli
infiltrated the P. aeruginosa biofilm on the FEP Teflon surface. At 24 days, P.
aeruginosa biofilm on the FEP Teflon surface was reduced relative to the earlier time

points. Images are maximum z-projections. All scale bars = 30 um.

As described in Chapter 2, the P-HAB design is limited to two small vents on the
lid to allow air flow, and the only site of gas exchange in the BioCell is at the FEP-Teflon

membrane. As a result, there was likely an oxygen gradient present between the gas
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permeable FEP Teflon membrane and the stainless-steel surface, which may have
contributed to the population differences seen in the stainless steel and Teflon associated
biofilms. This hypothesis was supported by the observation of elongated P. aeruginosa
cells on the stainless steel surface (Figure 26 A), which is a change in P. aeruginosa
morphology known to be due to incomplete cellular division associated with biofilm
growth in low-oxygen environments (224). P. aeruginosa cell elongation was seen in
biofilms grown in the P-HAB (Figure 26 B), but not in biofilms formed in foil-wrapped
BioCells (Figure 26 A), suggesting that the limited air flow in the P-HAB may have been
due to a microaerobic or anaerobic growth condition at the stainless-steel surface. A
reduced oxygen concentration may have caused a change in competition dynamics
between P. aeruginosa and E. coli at the stainless-steel surface, as pyocyanin
antimicrobial activity has been shown to be reduced in an anaerobic environment in

minimal media (225).
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Figure 26. P. aeruginosa (green) cell elongation was seen in P-HAB-incubated
BioCells, but not in foil-wrapped BioCells. A) P. aeruginosa in foil wrapped BioCells
displayed normal cell length on the stainless-steel surface. B) P. aeruginosa cells were
elongated on the stainless-steel surface of P-HAB incubated BioCells (white box).
Images are maximum z projections. Scale bars = 30 um.

In early biofilm growth, qualitative analysis showed more P. aeruginosa on the
FEP Teflon membrane, where oxygen was entering the BioCell, than at the stainless-steel
surface, where oxygen concentration may have been lower (Figure 25 A, C). Indole
production by E. coli inhibits pyocyanin production in P. aeruginosa by inhibiting
quorum signaling (112); thus, indole production promotes E. coli survival in long-term
mixed culture with P. aeruginosa (112, 226). At 14 days, E. coli infiltration into the FEP
Teflon membrane-associated biofilm was observed (Figure 25 C). Over long term
culture, indole concentration may increase (112), which could cause a stronger
suppression of P. aeruginosa quorum signaling, possibly inhibiting production of
pyocyanin (112). In the absence of pyocyanin, E. coli survival may increase, which might
allow infiltration of E. coli into the FEP Teflon membrane-associated P. aeruginosa

biofilm, as seen at 14 days (Figure 25 C). Additionally, incubating the BioCell vertically
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may have increased E. coli access to the FEP Teflon membrane, which could promote E.
coli infiltration. One study that investigated E. coli retention to P. aeruginosa biofilms in
glass-bead filters found that E. coli cells passed through the filter were retained by
previously established P. aeruginosa PAO1 biofilms (227). E. coli has also been shown
to induce dispersion in P. aeruginosa biofilms by binding cyclic-diguanylate (c-di-GMP),
which reduces the amount of ¢-di-GMP signal in the immediate environment (228). The
reduction in c-di-GMP signal was shown to induce P. aeruginosa to transition to the
planktonic form (228). Vertical incubation of the BioCell may have increased E. coli to
access to the P. aeruginosa biofilm, after which, E. coli mediated binding of c-di-GMP
may have induced dispersion in P. aeruginosa.

On the stainless-steel surface, there appears to be a reduction of E. coli cell
number seen at 14 days (Figure 25 A), which may indicate that E. coli have migrated
from the stainless-steel surface to the FEP Teflon membrane, or that incubating the

BioCell vertically promoted adherence to the P. aeruginosa biofilm. There also appears

to be an increase in P. aeruginosa cell density on stainless steel from 4 to 14 days, which
may indicate displaced bacterial cells from the FEP Teflon membrane induced by E. coli
induced dispersion or as an artifact from incubating the BioCells vertically.

E-SEM imaging confirmed that the loss of fluorescence seen with biofilm age was
associated with a loss in biofilm coverage (Figure 25 B), and was not the result of a loss
of fluorescence. The coupons imaged in Figure 25 B were stored in D-PBS prior to
loading to the E-SEM. The highly ordered leaf-like or star-like pattern seen has been
associated with E. coli biofilms dried after treatment with saline (229). The formation of

the leafy pattern in this experiment was potentially the result of storage in D-PBS

71



combined with biofilm drying while loading to the E-SEM. To prevent unintended
damage to the biofilm structure, the 4- and 14-day AgF-treated biofilms were stored in
HEPES and rinsed once with deionized water immediately before loading to the SEM.
Mixed Culture Biofilm Growth with Silver

When treated with 400 ppb AgF, P. aeruginosa is not detected at 4 or 14 days
post inoculation (Figure 27 A,C). Resistance to ionic silver in P. aeruginosa is conferred
by pyocyanin, which reduces the antimicrobial Ag!* to biologically inactive elemental
Ag® (140). In the presence of E. coli, pyocyanin production has been shown to be
inhibited (112), thus P. aeruginosa may have lost the silver resistant phenotype in
coculture with E. coli, resulting in no detection at these time points (Figure 27 A, C). E-
SEM reveals the absence of biofilm coverage on the substrate, suggesting that the
absence of fluorophore detection in confocal microscopy indicated the absence of
biofilm, and not a loss of GFP and mCherry fluorescence (Figure 27 B). In E. coli, silver
resistance has been shown to develop in 6 days (219). This is consistent with the finding
here. In early biofilm growth, neither species was detected on either the stainless-steel
coupon (Figure 27 A) or the FEP Teflon membrane (Figure 27 C). After 14 days
incubation, E. coli biofilms were detected on both the stainless steel and the Teflon
surfaces.

At 24 days, three distinct responses to AgF treatment were seen (Figure 27C).
One response was characterized by primarily E. coli growth (N = 10, 47.6% of total
wells) (Figure 27 C, left; Figure 28 B), the second was characterized by P. aeruginosa
growth (N = 6, 28.6% of total wells) (Figure 27 C, center; Figure 28 B), and in the third,

neither species was detected (N =4, 19.0% of total wells) (Figure 28 B). In one instance,
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both species survived in the presence of Ag'* (N = 1, 4.8% of total wells). To determine
if the different responses types were the same phenotypes reoccurring, the images from
each well were classified as either E. coli-dominated (Ec), P. aeruginosa-dominated (Pa),
no survival (None), or both species survived (Both), then analyzed by uCounter
(https://github.com/alistair-mclean/ucount.git) to determine percent coverage of each
species. Plotting the percent coverage showed that four distinct phenotypes arose
repeatedly after long-term treatment with 400 ppb AgF (Figure 28 A). Each phenotype
showed percent coverage that was tightly clustered across multiple replicates. E. coli
coverage in E. coli-dominated wells on FEP Teflon was less tightly clustered, but since
Teflon-associated E. coli biofilms tend to be patchy (Figure 27 C) this was not
surprising.

Storage of the coupons in 0.1 M HEPES buffer with a deionized water rinse
prevented sodium-associated damage to the biofilm structure in the 4- and 14-day
biofilms (Figure 27 B). The 24-day biofilm, which was imaged first, was stored in D-
PBS prior to imaging. Time constraints limited the number of coupons that could be
analyzed by E-SEM, so the coupons for all three distinct phenotypes — E. coli-dominated,
P. aeruginosa-dominated, and neither species present (Figure 27D) were not able to be
imaged. The coupon shown in Figure 27 B was an E. coli-dominated well (Figure 27 D,

left), which was chosen since the E. coli-dominated wells were seen the most frequently

(Figure 28B).
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Figure 27. Mixed culture biofilm growth in mAUM with Ag!*. Long-term biofilm
growth with 400 ppb AgF on A) stainless steel coupon was delayed, with no growth
apparent at 4 days and E. coli (red) growth at 14 days. At 14 days, P. aeruginosa (green)
growth was not detected. B) SEM micrographs show that the absence of fluorescence at 4
days was consistent with a lack of biofilm coverage. Yellow arrows indicate
representative cells, seen as dark spots. Red arrows indicate possible sodium-disrupted
biofilm matrix and sodium crystals. Blue arrows indicate undisrupted biofilm matrix. C)
Biofilms on the Teflon membrane show population dynamics that were consistent with
biofilms on stainless steel. D) At 24 days, three distinct phenotypes were found. Note that
the 24-day images in A) and B) are composites of the images in D). All scale bars = 30
pm.
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Figure 28. Effect of long-term treatment with 400 ppb AgF on phenotype. A)
Coverage of P. aeruginosa (left) and E. coli (right), on stainless steel (top) and FEP
Teflon (bottom) in 24-day mixed culture biofilms with 4 distinct population distributions
in response to treatment with 400 ppb AgF. Population type describes the dominant
species in each set of biofilms. B) Proportion of total 24-day AgF treated biofilms that
display each population distribution. (Neg: Uninoculated control; Ec: E. coli dominated
phenotype, N = 10; Pa: P. aeruginosa dominated phenotype, N = 6; None: Neither
species detected, N = 4; Both: Both species detected with high proportion: N = 1).
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Mixed culture biofilms of E. coli and P. aeruginosa cultured in artificial urine
start off segregated, with the P. aeruginosa biofilm forming at the oxygenated FEP
Teflon membrane, and the E. coli biofilm forming on the stainless steel. After 14 days
incubation, E. coli penetration into the FEP Teflon-associated P. aeruginosa biofilm is
apparent, and at 24 days, P. aeruginosa has begun to die off, which may an artifact due to
the vertical orientation or brief mixing of the BioCell during incubation. When 400 ppb
AgF treatment is added, E. coli shows earlier recovery against AgF challenge, may due to
point mutations associated with porins in the E. coli cell envelope that remove Ag'" ions
from the cell interior (219). In long-term treatment, silver disinfection results in three
distinct populations which can be characterized by the dominant species. The coverage of
these biofilms is highly replicable, indicating that the same populations are forming

multiple times as a result of silver disinfection.
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IV. CORROSION

A study released by the US Federal Highway Administration in 2002 estimates
the cost of corrosion to have been $276 billion, 3.1% of the United States’ gross domestic
product in 2002 (230). It is estimated that as much as 20% of corrosion is due to
microbially induced corrosion (MIC) (231), which would put the cost of MIC at $55.2
billion in 2002. MIC occurs due to biological processes such as biofilm formation (232)
and can affect materials that are considered to be corrosion resistant (233, 234). Studies
have shown that various species of bacteria, in both mono- and mixed-species biofilms,
contribute to corrosion of various metals, including 316L stainless steel (6, 9, 10, 14, 231,
232, 235). As discussed in Chapter 1, pitting MIC arises when 1) the pH in the
microenvironment below the biofilm is lowered as a result of microbial metabolism (9)
and 2) an electrical potential difference is established across the surface of stainless steel
due to differences in local redox potential (9).

MIC in the WRS on the ISS poses a risk to the resident crew. Long-term
unchecked corrosion can cause leaks in the WRS piping, which can lead to water loss and
potential equipment problems (i.e. electrical shorts). To date, only a few studies have
been conducted to investigate the potential for corrosion in the life support systems on
manned spacecraft, but those studies were limited to searching for the presence of
microbes which are associated with high levels of MIC, rather than looking for corrosion
in the life support systems (236, 237). Other studies, which investigate MIC on various
materials found on board the ISS and other manned spacecraft, do not investigate MIC on
stainless steel (238-240). The presence of a persistent biofilm which resists disinfection

necessitates the study of the extent and severity of corrosion in the WRS. This research
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aims to investigate MIC by looking directly at 316L stainless-steel coupons which have
been used as an attachment surface for biofilm growth.

Materials and Methods

The stainless-steel examined here was inoculated and incubated as described in
Chapters 2 and 3.

Sample Preparation

Following incubation, the 316L stainless-steel coupons were removed from the
BioCells as described above, submerged in sterile deionized water and sonicated for 10
minutes to remove the biofilms. After sonication, the coupons were rinsed with fresh
sterile deionized water and air-dried overnight, then imaged with a JEOL JSM-6010
PLUS/LA SEM using high vacuum mode.

SEM imaging of a greater sample size was planned, but shutdowns due to
COVID-19 halted progress. The unexamined samples were stored in PBS for months.
Saline has been shown to be corrosive to 316L stainless steel (241), so the remaining
samples were not reliable. As a result, only one biological replicate of each treatment was
examined.

Coverage Analysis

Corrosion coverage was determined by loading micrographs of each corroded
area into ImagelJ (192) accessed by Fiji (193) and using the free selection tool to outline
contiguous areas of corrosion. Once each corrosion site was selected, the measurement
tool was used to measure the area of the corrosion site. The individual area measurements

on each coupon were combined to calculate the total corroded area for each treatment.
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Linear regression analysis was used to look for correlations between average spot size,
number of spots, and total corroded area.

Results and Discussion

Imaging by SEM showed no obvious relationship between corrosion and each
incubation time for any treatment. Biofilm growth without and with 400 ppb silver
resulted in corrosion at all biofilm ages (Figure 29 A; Figure 30 A). Corrosion was also
seen on uninoculated steel for all incubation times, without and with AgF (Figure 29 B;
Figure 30 B). The pattern of corrosion seen on both inoculated and uninoculated steel
was consistent with pitting corrosion on 316L stainless steel found in previous studies
(242, 243). Figure 29 C and Figure 30 C show uncorroded 316L stainless-steel for

reference.
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Figure 29. Corrosion on 316L stainless steel in A) inoculated and B) uninoculated
mAUM. Top rows show the corrosion spot at 1500X, and the bottom rows show zoomed
in views to highlight corrosion patterns, which appear as small pits in the stainless steel
(red arrows). C) shows uncorroded 316L stainless steel for reference.
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Figure 30. Corrosion on 316L stainless steel in A) inoculated and B) uninoculated
mAUM with 400 ppb AgF disinfection treatment. Top rows show the corrosion spot at
1500X, and the bottom rows show zoomed in views to highlight corrosion patterns,
which appear as small pits in the stainless steel (red arrows). C) shows uncorroded 316L
stainless steel for reference, and is the same image in Figure 29 C.
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Coverage analysis and spot counting showed that corrosion was highest in steel
which had been incubated for 14 days, as measured by total corroded area (Figure 32 C).
Steel which had been incubated for 14 days showed larger areas (Figure 32 A; three-way
ANOVA with Tukey’s HSD, p < 0.001) and more numerous spots (Figure 32 B) of
corrosion, although it was expected that the 24-day biofilms would produce the most
corrosion. This unexpected result may be due to a combined effect of the storage and
incubation times and temperatures. The BioCells were loaded with mAUM.v4, then
stored at 4°C for 7 days before the first inoculation to simulate the time needed to launch
the BioCells to the ISS and initiate the experiment (Figure 31). After 7 days storage, the
24-day BioCell was removed from 4°C, inoculated, and incubated at ambient
temperature. The filled 14- and 4-day BioCells remained in 4°C storage for 10 and 20

more days (17- and 27-days total, respectively) before inoculation.

Day:-7 0 10 20 24
I : : : :
24d |FiII Inoculate Fix . Sample

processing

14 d [Fill Inoculate Fix and data
collection
4 d |Fill with mAUM.v4 Inoculate |Fix

Figure 31. BioCell temperatures. This schematic shows the amount of time (in days)
that the BioCells spent at each temperature over the course of the experiment. The time
each sample spent at 4°C are indicated in blue, and at ambient temperature in red.

Previous studies showed that 316L stainless steel was susceptible to corrosion by
artificial urine (241, 244), although it should be noted that these studies investigated

corrosion on polished 316L stainless steel, which has been shown to be more resistant to
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pitting than 316L stainless steel with a brushed finish, as used here (245). Based on
previous reports (241, 244), it is conceivable that mAUM.4v was causing some corrosion
on the stainless-steel surface during storage at 4°C. After inoculation, moving the BioCell
to ambient temperature may have increased the corrosive activity of mAUM, leading to
an increase in corrosion when compared to the 4-day samples, which were stored at 4°C
for longer (Figure 32 A). This conclusion was supported by an increase in corrosion spot
size on uninoculated steel which was incubated for 14 days as compared to 4 and 24
days. There was also an increase in corrosion spot size on the inoculated 14-day stainless
steel, but the spot size increase was not significantly different from the uninoculated 14-
day controls (three-way ANOVA with Tukey’s HSD, p = 0.96), so we cannot conclude
that the increase in corrosion area was due to MIC. However, it should be noted that there
was an increase in the number of corrosion spots seen on the inoculated 14-day steel as
compared to the uninoculated steel control (Figure 32 B).

At each incubation time, there was no significant difference in the size of the
corrosion spots between inoculated and uninoculated samples (4 days: p = 0.874; 14
days: p = 0.964; 24 days: p = 0.835), indicating that the presence of biofilm may not
contribute to corrosion spot size. At 24 days, corrosion spot size on stainless steel in
silver-treated, inoculated mAUM appeared to trend to a larger spot size than on steel in
uninoculated mAUM with silver fluoride; however, statistical analysis showed that there
is no significant difference between corrosion spot size of the two samples (three-way
ANOVA with Tukey’s HSD, p = 0.958). There may have been in increase in total
corrosion area on inoculated 24-day steel (Figure 32 C), but with only one biological

replicate, the difference seen here was not conclusive. It is may be that the corrosion seen
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on 316L was electrochemical, rather than biological. Chloride ions are known to be
corrosive (246) and may have been the cause of electrochemical pitting seen here.

Steel which was treated with 400 ppb AgF showed a trend of larger corrosion
spots (Figure 32 A, blue) in both inoculated and uninoculated (negative) samples than
samples without AgF (red), but this difference was not significant at any time point
(Inoculated: 4 day: p = 1.000; 14 days: p = 0.789; 24 days: p = 0.898; Uninoculated: 4
day: p=0.999; 14 day: 1.000; 24 day: 1.000; three-way ANOVA with Tukey’s HSD),
indicating that silver treatment may not have affected the size of corrosion spots.
However, there did appear to be a smaller number of spots detected on the inoculated,
silver treated steel at 14 days as compared to the inoculated steel without silver (Figure
32 B). The reduction in the number of corrosion spots was also consistent with a
reduction in total corroded area in silver treated wells (Figure 32 C). Interestingly, silver
treatment on uninoculated steel appeared to increase the number of corrosion spots
(Figure 32 B) as well as the total corroded area Figure 32 C), indicating that silver
fluoride treatment may have resulted in electrochemical corrosion of steel in the absence
of biofilm growth. This increase may have been caused by the addition of fluoride, as it is
known to be corrosive (246) and has been shown to have a synergistic effect when
combined with chloride, resulting in an increase in pitting potential on 316L stainless-

steel (247).
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Figure 32. Coverage and quantity of corrosion spots on 316L stainless steel. A)
Coverage of corrosion on stainless steel coupons incubated in mAUM without (red) and
with (blue) 400 ppb AgF on inoculated (+) and uninoculated (-) steel. (Tukey’s HSD,
95% confidence interval). B) The number of discontinuous corrosion spots on 316L
stainless steel incubated without (red) and with (blue) 400 ppb AgF on inoculated (+) and
uninoculated (-) steel. C) Total corroded area after treatment without (red) and with
(blue) 400 ppb AgF on inoculated (+) and uninoculated (-) steel. D) Simple linear
regression analysis comparing the relationships between average spot size, number of
spots, and total corroded area.

Linear regression analysis showed that the number of spots found on stainless
steel did not have a strong correlation to the size of the corrosion spot (Figure 32 D (left),
Table 9), but the total corrosion area had a moderate correlation to both the number of

corrosion spots and the average spot size (Figure 32 D (center and right), Table 9). This
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indicated that total corrosion area may be the best metric to quantify corrosion. Thus, it is
recommended that for the flight experiment, where 6 biological replicates are examined,
total corrosion is used as the metric to quantify and compare corrosion. However, in this
experiment, where only a single biological replicate was examined, meaningful
conclusions about the relationship between biofilm coverage and AgF treatment could

not be drawn with this metric.

Table 9. Linear regression of corrosion measurements. 3; describes the relationship of
the response variable (Regression, first variable) to the predictor (Regression, second
variable). **p<0.01.

Coefficients

Regression Bi St. Error  DF R?
Av. Spot Size~No. 1.859 2.117 10 0.072
spots

Total Corr. Area~No. 95.34*%*  27.48 10 0.546
spots

Total Corr. Area~Av. 14.75%* 3.57 10 0.631

Spot Size

Preliminary data indicates that electrochemical corrosion induced by urine may
have induced more damage to 316L stainless steel than MIC. Additionally, preventative
treatment of clean stainless-steel piping and storage tanks in the ISS WRS with 400 ppb
AgF to inhibit biofilm formation may increase corrosive damage. However, the results of
this study were not conclusive. The biggest caveat is that the analysis was performed with
a single biological replicate. In the flight experiment post-flight analysis, where this
experiment and analysis will be repeated, all 6 biological replicates should be imaged and

analyzed to assess the findings described here.
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V. EXPERIMENTAL VERIFICATION TEST AND CONCLUSIONS

The primary aims of this research were to 1) investigate and optimize the various
experimental parameters that need to be controlled in-flight to ensure a successful
experiment; 2) identify baselines for biofilm growth, disinfection, and corrosion; and 3)
design post-flight data collection and analysis methods to efficiently process time-
sensitive samples before they are degraded.

Chapter 2 described the optimization of each component of the flight experiment.
The hardware design was optimized to provide uniformity to the 316L stainless-steel
coupons, both in geometry and in surface composition. The long-term stability of the
growth media and single-dose inoculum were optimized and verified, allowing for
flexibility in the event of a delayed launch. The utilization of the amino acid solutions
from mAUM.v3 as the cryopreservation buffer allowed for a single-dose inoculum
which, when mixed into a BioCell which is pre-loaded with mAUM without amino acids,
resulted in inoculated mAUM.v3 without additional reagents which may have been
metabolized by the bacterial culture. The experimental timeline was defined to prevent
loss of sample integrity during storage prior to the sample return. The work in Chapter 2
has resulted in a well-designed and optimized flight experiment.

Chapter 3 described the baseline for E. coli and P. aeruginosa biofilm growth on
316L stainless steel in artificial urine with and without silver fluoride disinfection. E. coli
and P. aeruginosa biofilms were segregated in early-biofilm formation, but after 14 days,
we saw infiltration of E. coli into P. aeruginosa FEP-Teflon associated biofilms, and at
24 days, E. coli was the dominant species on Teflon. Stainless steel-attached biofilms

imaged at the same time points suggested that the infiltration and subsequent takeover by
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E. coli of the FEP Teflon surface may have been caused, at least in part, by migration
from the stainless-steel surface to the FEP Teflon surface. This migration may have been
motivated by an oxygen gradient in the BioCell well which could not be prevented due to
restrictions in equipment for space flight (Louis Stodieck, BioServe Technologies,
personal communication), or it may have been an artifact caused by incubating the
BioCells in the vertical orientation.

After 24 days incubation, we saw three reoccurring phenotypes in wells which
had been treated with 400 ppb AgF. The phenotype which displayed predominately E.
coli biofilms was seen the most frequently, at nearly 50% of all 24-day silver treated
wells. This population may have arisen as a result of two point mutations, one which may
cause loss of the OmpF porin, reducing outer membrane permeability, and the other
which might have increased expression of the Cus efflux system, which effluxes silver
ions (219). The second-most frequent population was dominated by P. aeruginosa. In this
population, we still saw the presence of E. coli. P. aeruginosa produces pyocyanin, which
may be used by E. coli to reduce biologically active Ag'" ions to biologically inactive
elemental Ag® (140, 141). This is a potential mechanism that may have caused the P.
aeruginosa-dominated phenotype to arise.

The corrosion analysis in this research was inconclusive due to small sample size,
but we were able to reliably detect corrosion. Additionally, data analysis methods to
quantify and analyze corrosion in post-flight analysis were determined. Preliminary
corrosion data suggested that electrochemical and temperature factors may play a bigger
role in corrosive damage to 316L stainless-steel piping and storage tanks than

microbiological corrosion.
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Prior to flight, this experiment underwent a full, ground-based run-through of the
experiment called an Experimental Verification Test (EVT). The purpose of the EVT was
to ensure that the experiment had been designed such that there were no significant issues
which could lead to failure in flight. Following the run-through of the experiment and
subsequent data analysis, the research team met with a panel of NASA scientists to
present the EVT results and determine whether the experiment passed EVT, based on a
set of success criteria which was outlined by the experimental team prior to the initiation
of the EVT run.

In EVT, we saw consistent growth of bacteria and reproducibility of data, high-
resolution, good quality images by both confocal microscopy and SEM, and RNA of a
sufficient quality and quantity which was suitable for downstream transcriptomic
analysis. As a result, NASA determined that we had passed EVT, and our experiment is
now qualified for flight. This experiment is scheduled to fly on SpaceX-21, which is
currently expected to launch from NASA Kennedy Space Center in December 2020.

Two mechanisms for silver resistance which are proposed in this work but require
future study to elucidate. In Chapter 3, I proposed two mechanisms by which distinct
phenotypes of E. coli and P. aeruginosa-dominated biofilms might arise from silver
fluoride treatment in mAUM. These hypothesized mechanisms are supported by literature
(140, 141), but they have not yet been tested. We have received additional funding for the
flight experiment which will be used for transcriptomic analysis, which may give clues as
to the mechanism that results in different phenotypes.

One of the biggest limitations of this research is that we are unable to supply fresh

media after inoculation due to issues regarding ISS crew safety. Ground-based studies
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which investigate MIC are long-term experiments with frequent changing of media (9,
248, 249). mAUM is a minimal medium, so the nutrients will be used up rapidly. The
untreated biofilm populations in this study show evidence of die-off by 24 days of
culturing. As shown in Chapter 2, the 24-day biofilm cell number is reduced, which was
confirmed by E-SEM in Chapter 3. Repeating this experiment with regular
supplementation of fresh media may yield more meaningful results in both biofilm
structure and corrosion.

This experiment was originally designed to be longitudinal. The ISS is equipped
with a Light Microscopy Module (LMM) which allows for confocal and epifluorescent
microscopy of specimens while on the ISS. However, preliminary data from Arizona
State University showed that epifluorescent microscopy was not suitable for this
experiment (unpublished), and the LMM confocal is equipped with only a single laser,
which produces green light (532 nm). GFP requires blue light excitation (488 nm) and
thus would not be detected by the LMM. As a result, the flight experiment had to be
modified to allow for sample return prior to imaging, which has changed the type of data
we can collect. Specimens which were incubated in flight must now be returned to Earth
prior to imaging. During return, the spacecraft experiences shaking and extreme gravity
forces which can alter biofilm structure. Since the samples must be fixed and returned
prior to imaging, we also cannot conduct this study longitudinally. Each biofilm imaged
will be a separate culture, instead of tracking changes in the same biofilm over time. A
longitudinal study with more frequent observation would allow higher-resolution tracking
of a biofilm as it develops and matures and would enable observation of how the distinct

phenotypes seen in 24-day biofilms with silver treatment arise.
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This study has produced an optimized flight experiment designed to model
biofilm formation in the WRS on the ISS. The analysis of the pre-flight experiment
presented here shows that there was a differential response to long-term silver treatment
in mixed-species E. coli and P. aeruginosa biofilms, and suggested that corrosion on
316L stainless steel in the presence of such biofilms may have been the result of
electrochemical processes, rather than by MIC. There were also indications that corrosion
on uninoculated steel might be exacerbated by silver fluoride treatment. Characterizing
the microbial response to, and corrosive potential of, silver disinfection will better inform

NASA to make decisions regarding maintenance and disinfection of the WRS.
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