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Thesis directed by Associate Professor Dr. David Klaus and Research Professor Dr. Louis
Stodieck

Bacterial susceptibility to antibiotics has been shown in vitro to be reduced during
spaceflight; however, the underlying mechanisms responsible for this outcome are not fully
understood. In particular, it is not yet clear whether this observed response is due to
increased drug resistance (a microbial defense response) or decreased drug efficacy (a
microgravity biophysical mass transport effect). To gain insight into the differentiation
between these two potential causes, an investigation was undertaken onboard the
International Space Station (ISS) in 2014 termed Antibiotic Effectiveness in Space-1 (AES-
1). For this purpose, E. coli was challenged with two antibiotics, Gentamicin Sulfate and
Colistin Sulfate, at concentrations higher than those needed to inhibit growth on Earth.
Phenotypic parameters (cell size, cell envelope thickness, population density and lag phase
duration) and gene expression were compared between the spaceflight samples and ground
controls cultured in varying levels of drug concentration. It was observed that flight
samples proliferated in antibiotic concentrations that were inhibitory on Earth, growing on
average to a 13-fold greater concentration than matched 1g controls. Furthermore, at the
highest drug concentrations in space, E. coli cells were observed to aggregate into visible
clusters. In spaceflight, cell size was significantly reduced, translating to a decrease in cell
surface area to about one half of the ground controls. Smaller cell surface area can in turn
proportionally reduce the rate of antibiotic molecules reaching the cell. Additionally, it was
observed that genes — in some cases more than 2000 — were overexpressed in space with
respect to ground controls. Up-regulated genes include poxB, which helps catabolize glucose

into organic acids that alter acidity around and inside the cell, and the gadABC family
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genes, which confer resistance to extreme acid conditions. The next step is to characterize
the mechanisms behind the observed gene expression, its implications, and most
importantly, how this knowledge can help prevent the acquisition and spread of antibiotic

resistance in pathogens on Earth.
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CHAPTER I

INTRODUCTION

Long-term exploration of space introduces numerous risks to astronauts’ health with
altered human-microbe interaction presenting a variety of concerns. The spacecraft itself
creates an environmental niche for bacterial growth as well as for facilitating microflora
exchange among its crew (Ilyin, 2005; Novikova, 2004; Taylor & Sommer, 2005).
Additionally, astronauts’ immune systems are thought to become suppressed, possibly due
to factors such as stress, microgravity, or radiation (Borchers, Keen, & Gershwin, 2002;
Stowe, Pierson, & Barrett, 2001). Bacteria also behave differently in space, most notably in
terms of generally enhanced proliferation (Benoit & Klaus, 2007; Kacena, Merrell, et al.,
1999; David Klaus, Simske, Todd, & Stodieck, 1997; Klaus, Luttges, & Stodieck, 1994;
Tixador, Richoilley, Gasset, Planel, et al., 1985; Todd et al., 1998) and modified biofilm
formation (Kim et al., 2013; McLean, Cassanto, Barnes, & Koo, 2001). Increased virulence,
or capacity to cause disease, has been observed (Crabbe et al., 2011; Nickerson et al., 2000;
Wilson et al., 2007), a thicker cell envelope was noted in one investigation (Tixador,
Richoilley, Gasset, Planel, et al., 1985), and genetic recombination via conjugation has been
shown to increase (Ciferri, Tiboni, Di Pasquale, Orlandoni, & Marchesi, 1986). Reduced
bacterial susceptibility to antibiotics has also been documented for over three decades

(Juergensmeyer, Juergensmeyer, & Guikema, 1999; Kacena & Todd, 1999; Kitts et al.,



2009; Klaus & Howard, 2006; Lapchine et al., 1986, 1987; Moatti et al., 1986; Parra, Ricco,
Yost, McGinnis, & Hines, 2008; Ricco et al., 2010; Tixador et al., 1994; Tixador, Richoilley,
Gasset, Planel, et al., 1985; Tixador, Richoilley, Gasset, Templier, et al., 1985). Finally,
medication shelf life has been shown to be reduced in space by up to 1/3 the usable life on
Earth (Du et al., 2011) and there is evidence that the bioavailability of orally-administered
drugs may be decreased in space (Tietze & Putcha, 1994).

Besides the problems that each of these responses might present individually, they
potentially could interact to negatively impact the health of astronauts. For example, an
increase in genetic recombination raises the probability of antibiotic resistant traits being
transferred from one bacterial strain to another. Increased microflora exchange facilitates
the transmission of these antibiotic-resistant strains from one crewmember to another, as
has been documented to occur in Soviet space stations and at the International Space
Station (ISS) (Ilyin, 2005). Increased bacterial virulence and decreased astronaut immune
function produce conditions more likely to cause bacterial infection. A correlation between
antibiotic resistance and increased cell wall thickness — both documented in separate
spaceflight studies — has been observed terrestrially (Sieradzki & Tomasz, 2003).
Furthermore, reduced susceptibility to antibiotics and reduced medication shelf life could
exacerbate treatment of infections.

From this comes the problem statement for this dissertation: “Astronaut’s health is
jeopardized by observed increase in bacterial proliferation and reduced susceptibility to
antibiotics”. The significance of this problem is not only stressed throughout the literature
referred to in this thesis but has also been identified by the National Aeronautics and Space
Administration (NASA) in the Human Research Roadmap (HRR), the Fundamental Space
Biology (FSB) Plan and other NASA documents and reports (Galvez, 2013; Tomko, Sun, &

Quincy, 2010; Watkins, 2010).



Terrestrially, drug resistance is a problem that has been rapidly increasing
worldwide during the last couple of decades. For example, in 1992 13,300 patients died from
multi-drug resistant bacteria acquired in hospitals; that number increased to 90,000 by
2012 (NIH, 2012). The Center for Disease Control and Prevention (CDC) reports that this
problem is costing the U.S. government $20 billion in excess health care cost and $35 billion
in societal costs (CDC, 2011).

Understanding the exacerbated bacterial response of decreased susceptibility to
antibiotics in spaceflight can be used to gain insight aimed at reducing drug resistance
acquisition on Earth (Klaus & Howard, 2006). However, the underlying mechanisms
responsible for enabling bacterial proliferation in normally inhibitory levels of antibiotics
observed to occur in space are not fully understood. In particular, it is not yet clear whether
this response is due to increased drug resistance (a microbial defense response) or
decreased drug efficacy (a microgravity mass transport biophysical effect). One of the goals
of this doctoral work is to differentiate between these two phenomena, which could help
gain insight into the causal mechanisms behind decreased bacterial susceptibility to
antibiotics here on Earth. The core of this dissertation is an investigation undertaken
onboard the International Space Station, termed Antibiotic Effectiveness in Space-1 (AES-
1), which was launched on Orbital Commercial Resupply Services CRS-1 in January, 2014.
The hypothesis behind this experiment was that antibiotics used to inhibit bacteria grown
in space would exhibit reduced efficacy compared to 1g controls and would be associated
with specific changes in bacterial gene expression that correlate with phenotypic changes
and cell survival. To test this hypothesis, E. coli was challenged with two antibiotics,
Gentamicin Sulfate and Colistin Sulfate, at concentrations higher than those needed to
inhibit growth on Earth. The samples were fixed at completion of the experiments to avoid

bacterial re-adaption to gravity. At their return to Earth, spaceflight (and their matched



ground control) samples were later assessed for changes on several phenotypic parameters
(cell size, cell envelope thickness, population density and lag phase duration) and gene
expression, and related to bacterial populations achieved in varying levels of inhibitory

drug concentrations.

1.1 PROBLEM STATEMENT

This thesis focused on the following problem:

Astronaut’s health is jeopardized by observed increase in bacterial proliferation
and reduced susceptibility to antibiotics.

For this purpose, an investigation was undertaken onboard the International Space
Station (ISS): AES-1. In it, E. coli was challenged with two antibiotics, Gentamicin Sulfate
and Colistin Sulfate, at concentrations higher than those capable of inhibiting growth on
Earth. Phenotypic parameters (cell size, cell envelope thickness, population density and lag
phase duration) and gene expression were compared between the spaceflight samples and

ground controls cultured in varying levels of drug concentration.

1.2 RATIONALE

The importance of this study comes mainly from the implications the above-
mentioned phenomena could have for astronauts on long-term space missions. Additionally,
there is another phenomenon occurring on Earth that is related: the rise of new, drug
resistant strains of bacterial pathogens. This thesis work may also allow us to gain insights

that may be applicable to clinical antibiotic research for Earth applications.



1.2.1 Implications in Space

All of the observed spaceflight changes in bacterial behavior, such as increased
virulence, proliferation, mutation rate, and cell envelope thickness raise potential concern
for human space programs. These problems are further exacerbated by other observed
phenomena such as astronaut immunosuppression, increased microflora exchange, and
reduced antibiotic shelf life and efficacy. All of these aspects together may create the perfect
storm for potential bacterial infection during spaceflight, which may be complicated to
treat.

NASA’s Human Research Roadmap (HRR) lists a series of risks to future human
exploration of space. Two of these risks are related with this thesis work, namely 1) risk of
clinically relevant unpredicted effects of medication, and 2) risk of adverse health effects
due to alteration in host-microorganism interactions. The first is described as being based
on our lack of knowledge on a) pharmacodynamics and on b) drugs’ effectiveness on
microbes altered by spaceflight (Gaps Pharm04 and PharmO05, respectively) (Galvez, 2013).
The second risk comes from the observed alterations in microbial virulence and astronaut
immunosuppression. It drives the “host-microbe virulence — cellular studies” task, which
alms at determining the microbial responses to spaceflight that may have an impact on
infectious diseases during spaceflight missions.

NASA’s Fundamental Space Biology (FSB) Plan 2010-2020 identifies the following
as one of the overarching questions that will guide FSB science direction “Are decreased
mass transfer, or physical force changes in membranes and cell walls, the main effect of
microgravity on the cell?” (Tomko et al., 2010). Furthermore, NASA’s Space Medicine
Exploration report stresses the importance of being able to address in-flight infectious
conditions (Watkins, 2010); similarly, (Taylor & Sommer, 2005) explain the importance of

knowing how much antibiotic is needed to inhibit bacterial growth in space, as this will be



needed to address lacerations and open fractures which are likely to occur during surface
extra-vehicular activities (Zea, Diaz, Shepherd, & Kumar, 2010). The study of infectious
diseases in space, and of microbial responses to spaceflight and their implications on the
host may not only mitigate risks for future human space exploration but may also “open a
new chapter in the understanding of health and disease to benefit the general public”

(Phys, 2013).

1.2.2 Implications on Earth

Acquiring new knowledge on increased bacterial proliferation and decreased
susceptibility to antibiotics in space may allow us to gain insight on the causal mechanisms
behind these phenomena (Klaus & Howard, 2006). These authors indicate that, if
antimicrobial resistance is in fact enhanced in spaceflight as suggested in the literature,
this might help us better understand the underlying causal mechanisms of the resistance
acquisition process. Furthermore, they indicate that the overall investigations of microbial
responses to spaceflight may provide us with knowledge applicable to related clinical
research on Earth. Ideally, the results from this work can provide new insights for potential
drug development.

Although the production of new drugs is important, during the last decades there
has been a steady decline in new antibacterial drugs entering the market around the world
(Chopra, Hodgson, Metcalf, & Poste, 1997; ECDC, 2009; Spellberg et al., 2008; Tatfar,
2011). This is in part due to the lower financial returns pharmaceutical companies receive
for these drugs compared to the ones that treat chronic diseases. On the other hand, Tatfar
(2011) states that, in order to address the antimicrobial resistance problem, not only new
drugs need to be developed but that we also need to understand how bacteria develop

resistance mechanisms against drugs.



Microbes do indeed find ways around drugs. Mutation and the acquisition of
resistance genes from other organisms have allowed bacteria to develop resistance to
existing antibiotics (Reed, Barrett, Threlfall, & Cheasty, 1995). Improper use of antibiotics,
e.g. when patients don’t take the full doses they were prescribed, is exerting a selective
pressure on bacteria that favors the growth of the drug-resistant strains (Tatfar, 2011).

These drug-resistant strains then find their ways from one place to the other
(Johnson et al., 1999; Zell & Goldman, 2007). A group of British geneticists found that a
strain of C. difficile became resistant to antibiotics in two different ways: by acquiring a
single mutation in an enzyme that binds fluoroquinolones (a class of antibiotics) and by
capturing genes that pump antibiotics out of their cells. Clostridium difficile infections are
common 1in hospitals where patients have been treated with large doses of antibiotics (He et
al., 2013). This British group also discovered that in 2002, an antibiotic resistant strain of
C. difficile arose in the U.S. and a couple of years later, it was present in Europe, Australia
and Asia. This is a problem to many people as antibiotic resistant Clostridium difficile kills
nearly 14,000 people a year in the U.S. alone (He et al., 2013).

During the last decade an increase on drug-resistant strains of bacteria has shown
up in hospitals around the world. In the United States, between 5 and 10 percent of
patients develop a bacterial infection during their stay in the hospital produced by new
drug-resistant strains. The United States government spends over $20 billion a year in
excess health care costs stemming from drug resistant bacteria (CDC, 2011). Beyond and
above the financial cost is the invaluable human cost. In the U.S. alone, about 90,000
people die every year from drug resistant bacteria (NIH, 2012), (about one fifth of deaths
are due to the 34 generation cephalosporin-resistant E. coli (WHO, 2012)). This is a steep

increase from 13,300 patient deaths in 1992 (NIH, 2012).



1.3 THESIS OBJECTIVES
This main goal of this thesis is
To characterize phenotypic and gene expression changes in E. coli that permit
proliferation in space in antibiotic concentrations that one Earth would be
inhibitory.
This is with the ultimate goal of helping in the fight against drug-resistant bacteria
on Earth. This was done through four major aims:
Al. Identify if there are changes in E. coli’s a) cell size, b) cell envelope thickness, and c)
final cell counts when challenged with antibiotic in space, compared to 1g controls.
A2, Verify that E. coli will proliferate under normally (1g) inhibitory concentrations of
two different antibiotics in microgravity.
A3. Identify if there is a correlation between E. coli cell size, population growth
dynamics, cell envelope thickness and bacterial susceptibility to various antibiotics in
microgravity.
A4, Assess if there are any correlations between E. coli gene expression and bacterial

susceptibility to the specified antibiotics in microgravity.

1.4 HYPOTHESES
The overarching hypothesis is
Antibiotics used to treat bacteria grown in space will exhibit reduced efficacy and
will be associated with specific changes in bacterial gene expression that correlate
with cell survival.
Specifically, this hypothesis is broken down in a set for Gentamicin (labeled with

“G”) and a set for Colistin Sulfate (labeled with “C”)”



1.4.1 Antibiotic: Gentamicin Sulfate

1.4.1.1 Morphology and Physiology Hypotheses

G1: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157
cells will grow to larger sizes compared to matched 1g controls.

G2: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157
cells will develop thicker cell envelopes compared to matched 1g controls.

G3: When challenged with Gentamicin Sulfate in microgravity, E. coli ATCC 4157
cells will grow to higher final cell concentrations compared to matched 1g controls.

G4: When challenged with Gentamicin Sulfate in microgravity, E. coli cells ATCC
4157 will have reduced lag phases compared to matched 1g controls.

1.4.1.2 Antibiotic Effectiveness Hypotheses

Gb5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) inhibitory
concentrations of Gentamicin Sulfate.

1.4.1.3 Relation between interrogated parameters

G6: There is a correlation between population growth dynamics, cell size, and cell

envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to Gentamicin Sulfate.

1.4.2 Antibiotic: Colistin Sulfate

1.4.1.1 Morphology and Physiology Hypotheses

C1: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells
will grow to larger sizes compared to matched 1g controls.

C2: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells
will develop thicker cell envelopes compared to matched 1g controls.

C3: When challenged with Colistin Sulfate in microgravity, E. coli ATCC 4157 cells

will grow to higher final cell concentrations compared to matched 1g controls.



10

C4: When challenged with Colistin Sulfate in microgravity, E. coli cells ATCC 4157
will have reduced lag phases compared to matched 1g controls.

1.4.1.2 Antibiotic Effectiveness Hypotheses

C5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) inhibitory
concentrations of Colistin Sulfate.

1.4.1.3 Relation between interrogated parameters

C6: There is a correlation between population growth dynamics, cell size, and cell

envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to Colistin Sulfate.
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CHAPTER 2

BACKGROUND

When Jean-Loup Chrétien launched to the USSR’s Salyut 7 Space Station, he was
carrying some of his own microflora in glass ampoules. Soviet scientists collected and
isolated E. coli and Staphylococcus aureus bacteria from Chrétien before launch.
Spationaut Chrétien, the first Frenchman to go to space, made observations on the bacteria
that used to live in him to search for changes due to spaceflight. These observations were
part of the CYTOS 2 experiment and led to two remarkable findings. After growing the
bacteria in space, the French team of scientists behind Chrétien’s experiment observed that
the inflight E. coli needed more than four times as much antibiotic for growth to be
inhibited with respect to ground controls. Additionally, the French scientists from the
Université Paul Sabatier discovered that S. aureus spaceflight cultures had greater cellular
envelope thickness. Post-flight analysis showed no modification on the antibiotic sensitivity
or biochemical characters relative to ground controls, indicating that the changes seen in
space were not acquired characters. The French team finally hypothesized that the
increased antibiotic resistance observed in space may be explained by a stimulating effect of

cellular multiplication and by the greater thickness of cellular envelope structure, which
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reduces antibiotic penetration (Tixador, Richoilley, Gasset, Planel, et al., 1985). This
hypothesis is congruous with Fick’s law of diffusion.

This Franco-Soviet experiment was not unique in its results. American scientists
also flew bacteria near the beginning of the space program. American space-bound bacterial
experiments include Biosatellite II (1967), Apollo 16 (1972), Skylab 2 (1973), Skylab 4
(1973-4), and Apollo-Soyuz Test Project (ASTP) (1975). From these, Biosatellite II and
Skylab 2 carried E. coli. (Klein, 1981)

Biosatellites I and II carried two bacterial species to space: Salmonella typhimurium
and E. coli. In 1966, Biosatellite I failed to re-enter Earth as planned so the bacterial data
was lost. In 1967, the Biosatellite II experiment led by R.H.T. Mattoni, assessed the impact
of spaceflight and gamma irradiation on bacterial growth (Parfenov & Lukin, 1973; Souza,
Hogan, & Ballard, 1995). Mattoni et al. (1968) concluded that spaceflight resulted in
greater bacterial densities, most likely due to microgravity. They also concluded that this
was because the random distribution of the cells in the liquid medium allowed them to
access nutrients better, and transported waste away from the cells more efficiently (Souza
etal, 1995).

An experiment flown to Skylab in 1977 was designed to, among other objectives,
determine the effects of microgravity on B. subtilis and E. coli’s growth rate. The
experiment failed because of the loss of Skylab’s meteoroid shield, which caused the space
station to overheat. This experiment was repeated on Skylab 3 but E. coli was replaced for
Bacillus mycoides. That experiment provided data from which it was concluded that
cultures grown in Skylab were usually larger and grew faster relative to their controls on

Earth (Summerlin, 1977).



13

Bacteria collected in vivo during the Apollo-Soyuz mission also demonstrated a
higher antibiotic resistance than the bacteria collected pre and post-flight (Taylor &
Zaloguev, 1978). Similarly, in October 1985, Space Shuttle Challenger took to orbit the D-1
Spacelab with E. coli and the Colistin antibiotic, and similar results were obtained (Moatti
et al., 1986). These and related studies provide the basis of this thesis’s work.

Several other phenomena occur in space that give this research significance.
Astronaut’s health may be in jeopardy not only because of reduced antibiotic efficacy but
due to myriad situations characteristic of spaceflight, which are categorized as seen in
Table 1.

Table 1. Phenomena observed in spaceflight that may jeopardize astronauts' health.

Phenomenon observed in References
space

Increased bacterial virulence (Cameron, Howden, & Peleg, 2011; Matin, Lynch, & Benoit, 2007;
Mermel, 2013; Nickerson et al., 2000; Rosenzweig et al., 2010;
Tomasz, 1994; Wilson et al., 2007)

Increased bacterial mutation (Tatfar, 2011; Taylor & Sommer, 2005)

rate

Increased bacterial (Benoit & Klaus, 2007; Bhaskaran, Dudhale, Dixit,

proliferation Sahasrabuddhe, & Vidyasagar, 2011; He et al., 2013; Kacena,
Merrell, et al., 1999; Klaus et al., 1997; Klaus et al., 1994; Klaus &
Howard, 2006; Mermel, 2013; Nickerson et al., 2000; Tixador,
Richoilley, Gasset, Planel, et al., 1985; Todd et al., 1998)

Increased cellular envelope (Tixador, Richoilley, Gasset, Planel, et al., 1985)

thickness

Reduced bacterial (Benoit & Klaus, 2007; Ilyin, 2005; Kitts et al., 2009; Klaus &

susceptibility to antibiotics Howard, 2006; Mermel, 2013; Moatti et al., 1986; Parra et al.,

2008; Ricco et al., 2010; Taylor & Sommer, 2005; Tixador,
Richoilley, Gasset, Planel, et al., 1985)

Reduced antibiotic shelf life (Du et al., 2011; Klaus & Howard, 2006; Moatti et al., 1986; Tietze
& Putcha, 1994)

Increased microflora (Ilyin, 2005; Klaus & Howard, 2006; Mermel, 2013; Novikova,
exchange 2004; Taylor & Sommer, 2005)

Astronaut (Borchers et al., 2002; Mermel, 2013; Stowe et al., 2001; Tietze &
Immunosuppression Putcha, 1994; Todd et al., 1998)

Improved biofilm formation (Kim et al., 2013)




14

First, from the astronaut side, immunosuppression and increased microflora
exchange can be identified. Second, from the antibiotics side, reduced shelf life, and reduced
efficacy are noted. Third, from the bacterial side, several phenomena have been observed:
increased virulence, increased genetic recombination via conjugation, increased

proliferation and increased cell envelope thickness.

2.1 ASTRONAUT-RELATED PHENOMENA

2.1.1 Astronaut Immunosuppression

It is known that the space environment impacts the human immune system
(Borchers et al., 2002; Mermel, 2013). It is not clear if this is a product of radiation, stress
characteristic of spaceflight, living in an Isolated Confined Environment (ICE), or other
physiological and/or psychological stressors. However, several of the effects the immune
system goes through during spaceflight have been identified. Mermel (2013) summarized
these effects as follows: “impaired wound healing, inhibition of leukocyte blastogenesis and
altered leukocyte distribution, altered monocyte and granulocyte function, impaired
leukocyte proliferation following activation, altered cytokine production patterns, abrogated
bone marrow responsiveness to colony-stimulating factors, altered T-cell intracellular
signaling, inhibition of mnatural killer cell activity, inhibition of delayed-type
hypersensitivity, and apparent Th2 potential bias shift during prolonged space travel”.
Another literature survey conducted by (Borchers et al., 2002), where 335 papers were
analyzed, came to similar conclusions. Immunosuppression may also increase the risk of
infection and of herpesviruses reactivation, and diminishes anaerobic colonic flora (Mermel,
2013). Finally, inhibition of T-cell blastogenesis has also been documented (Todd et al.,

1998).
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2.1.2 Increased Microflora Exchange

Increased microflora exchange during spaceflight occurs, in part, due to the confined
environment in which astronauts find themselves. This problem is of importance due to the
fact that human microflora include drug resistant bacteria.

For example, Professor V.K. Ilyin (2005) of the Russian Academy of Science reported
that during a 96-day spaceflight, a cosmonaut was administered ampicillin and eventually
ampicillin-resistant Staphylococci were detected on a second cosmonaut. He hypothesized
that an ampicillin-resistant strain of Staphylococcus was developed in the first cosmonaut
and later transmitted to the second space traveller. This case exemplifies what the Russian
professor states are the main etiological agents of infectious disease in an enclosed
environment: human microflora and cross infection. He adds that some of the most likely
bacteria to trigger infectious diseases are Staphylococci, Streptococci and representatives of
the Enterobacteriaceae family such as E. coli.

Professor Ilyin’s finding about the drug resistant bacteria exchange among
cosmonauts came as part of a larger investigation where he compared the microflora of the
crews aboard the Salyut 6, 7, and Mir Space Stations. He saw a systematic shift in their
microflora. Dysbacteriosis, or an imbalance in the person’s microflora in which
opportunistic pathogenic bacteria (e.g. E. coli) increase in numbers while non-pathogenic
bacteria decreases, was observed during these three space missions. Ilyin also described a
direct relationship between mission duration and dysbacteriosis severity: D1 (least severe
form of) dysbacteriosis was common in cosmonauts in 30-day missions whereas D2-D4
(most severe forms of) dysbacteriosis were observed in 63- and 96-day missions. No
individuals from these flights presented dysbacteriosis-free microflora (Ilyin, 2005).

A review conducted by Klaus & Howard (2006) found that multiple other studies

concur with Ilyin’s results. For example, Taylor & Sommer (2005) mention that a large pool
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of microbial genotypes will fly to space with the crew. From this pool, it is likely that
antibiotic-resistant strains will emerge. Similarly, Mermel (2013) summarized several
investigations that conclude that transmission of microbial flora — including multi-drug
resistant pathogens — has been demonstrated to take place in the International Space

Station.

2.2 BACTERIA-RELATED PHENOMENA

Decades of microbiological research in space have produced myriad results in terms
of changes observed in bacteria during spaceflight. To give this rather extensive list some
order, in this thesis they have been categorized under four groups: growth, mutation rate,

cell envelope thickness and virulence.

2.2.1 Growth

Bacterial growth is distinguished in six phases: lag, acceleration, exponential,
retardation, stationary and phase of decline (Monod, 1949). However, this categorization is
usually simplified to three phases: lag phase, exponential growth phase and stationary
phase. The duration of the first stage is driven by nutrient composition and the age and size
of the inoculum. The duration of the second phase is dictated by nutrient/toxic byproduct
concentrations around the cells (Klaus & Howard, 2006).

E. coli ATCC 4157, the same strain used for this thesis, was grown on seven
different Space Shuttle flights under similar conditions (Klaus et al.,, 1997). It was
concluded from these studies that spaceflight affected bacterial growth and resulted in
three main changes: 1) reduced lag phase, 2) increased exponential growth time (2-5 hours
longer) and 3) increased final cell count (72% average increase, n = 40 flight, 25 ground,

P<0.05) (Klaus et al.,, 1997). However, final population increases of up to 257% were
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observed. Starker increases were observed on cultures where bacteria had to adapt to a
new nutrient medium. On experiments more closely comparable to the ones conducted for
this thesis, Klaus et al. (1994) found that cultures grown in Medium E with 5 g/Li glucose,
had final populations between 20% and 104% larger relative to their ground controls—with
the exception of one culture that had an 18% decrease (n=28, 14 flight, 14 ground) (Klaus et
al., 1994). In general, several investigations have observed shorter lag phases and/or higher
final cell counts (Bhaskaran et al., 2011; Brown, Klaus, & Todd, 2002; Kacena, Merrell, et
al., 1999; Nickerson et al., 2000; Todd et al., 1998).

In a separate publication, Klaus et al. reviewed related literature and found seven
investigations that concurred that microorganisms proliferated in space compared to their
ground controls. In the same paper, Klaus also found two studies that reported no change
in bacterial growth (Klaus, Simske, Todd, & Stodieck, 1997).

Another literature review, this one conducted by Mermel (2013), summarized some
of the observed effects of spaceflight on bacteria, including enhanced growth patterns in
liquid media, shortened lag phase and enhanced exponential growth. Other investigations
also report similar results (Benoit & Klaus, 2007; Tixador, Richoilley, Gasset, Planel, et al.,
1985). Speaking more closely of gram-negative bacteria (such as E. coli), Mermel (2013) also

mentions increased density of such bacteria on the skin, upper airway and colon.

2.2.2 Mutation Rate

As bacteria reproduce, mutations occur. Some of these mutants protect the
bacterium against a specific antibiotic. Once most of the bacteria die due to the antibiotic,
the mutant remains to reproduce and replicate the resistance; this is known as
antimicrobial selection pressure (Tatfar, 2011). Selective antibiotic pressure has indeed

allowed bacteria to evolve defense mechanisms such as bypassing a metabolic step, to
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prevent the antibiotic to reach its target, or by the production of an enzyme to break down
the antibiotic before it attacks the cell (Taylor & Sommer, 2005). This selective antibiotic
pressure may occur either before or during spaceflight.

Bacterial mutation has been observed to increase during long-term spaceflight
(compared to Space Shuttle sortie flights of ~two weeks). During a 40 day Mir mission,
yeast was noted to mutate at a rate between two and three times higher than the ground
samples. Additionally, an Italian team of researchers reported that, in comparison to
ground controls and flown 1 g centrifuge controls, three to four times more E. coli

recombinants were produced in microgravity (Ciferri et al., 1986)..

2.2.3 Cell Envelope Thickness

The French team that flew the experiment in Salyut 7 and found that space bound
E. coli required more than four times as much antibiotic as necessary on Earth to achieve
growth inhibition, and that S. aureus had increased cell envelope thickness in microgravity,
made several recommendations for future work. One of their recommendations was that, in
order to understand the mechanisms behind increased antibiotic resistance in microgravity,
it is necessary to investigate if the changes on cellular envelope are located on the
membrane, the cell wall or the whole envelope (Tixador, Richoilley, Gasset, Planel, et al.,
1985). Lamentably, literature on this topic is not as abundant as other of the topics covered
in this thesis. However, a few papers do examine cell envelope thickness (Mermel, 2013;
Moatti et al., 1986). Actually, in 1985 (Moatti et al., 1986) flew E. coli on the Space Shuttle
Challenger and divided the cultures in two groups: one was centrifuged to 1 g while the
other was left under normal microgravity conditions. They saw that both of these sets
required twice the concentration of antibiotics, but there were no differences between the

two flown sets. They concluded that the decrease in susceptibility to antibiotics could have
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been due to changes in cell envelope permeability. It should also be mentioned that, on a
separate line of research, a correlation between antibiotic resistance and increased cell wall
thickness has been observed here on Earth (Sieradzki & Tomasz, 2003). This topic is

investigated in more detail in Chapter 4.

2.2.4 Virulence

Increased virulence has been observed in Salmonella enterica serovar Typhimurium
grown in rotating wall vessels. This was proved by infecting mice with 1 g bacteria and with
bacteria grown in simulated-microgravity (SMG). Ten days after infection, 80% of the mice
infected with SMG bacteria died versus 40% of those infected with 1-g bacteria (Nickerson
et al., 2000). Similar results were observed (70% vs. 20%) with bacteria actually flown in
space (Wilson et al., 2007). Other studies have reported increased bacterial virulence
during spaceflight (Mermel, 2013; Rosenzweig et al., 2010) while others also relate changes
in virulence with a bacteria’s antibiotic resistance acquisition (Cameron et al., 2011; Matin

et al., 2007; Tomasz, 1994).

2.3 ANTIBIOTIC-RELATED PHENOMENA

2.3.1 Antibiotic Effectiveness

Two classical approaches for quantifying bacterial sensitivity to antibiotics are 1) to
define the minimal inhibitory concentration (MIC) of antibiotic and 2) to grow bacterial
cultures in a bacteriostatic concentration of antibiotic and count the number of surviving
cells (Moatti et al., 1986).

Tixador and his team flew another experiment after their CYTOS 2 experiment on

Salyut 7 (Moatti et al., 1986). This newer experiment was aboard Space Shuttle Challenger
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in the STS-61-A mission. Tixador’'s team measured E. coli’s sensitivity to antibiotic
(Colistin) by comparing the MIC at spaceflight versus that of ground controls. They
observed that in space, at least twice the amount of antibiotic was needed to inhibit the
bacterial growth. The actual antibiotic concentration needed to inhibit bacterial growth in
space could not be found due to the unsuccessful inoculation of the cultures with higher
amounts of antibiotic.

Several other experiments and reviews have also indicated that greater
concentrations of antibiotics are needed to inhibit bacterial growth in space (Benoit &
Klaus, 2007; Klaus & Howard, 2006; Mermel, 2013; Taylor & Sommer, 2005; Tixador,
Richoilley, Gasset, Planel, et al., 1985). One study concluded that antibiotic resistance goes
up in people living in confined environments within 7 to 10 days of isolation; interestingly,
this is also the peak of cross contamination or microflora exchange among astronauts (Ilyin,
2005). Beyond bacteria, similar results have been observed with yeast. A team of scientists
from NASA Ames reported that S. cerevisiae grown in 4xMIC in space still presented
metabolic activity in space during the PharmaSat experiment (Kitts et al., 2009; Parra et

al., 2008; Ricco et al., 2010).

2.3.2 Antibiotic Shelf life

A point that must be added to the antibiotic susceptibility discussion is that it has
been observed that spaceflight reduces antibiotics’ shelf life (Du et al., 2011; Tietze &
Putcha, 1994). Shelf life is defined as the duration a drug will last with at least 90% of its
labeled potency. After comparing 35 formulations aboard the ISS to ground controls, Du et
al. (2011) found that a higher percentage of medications from the station’s kits had lower
active pharmaceutical ingredient (API) respective to ground controls. Du et al. (2011) also

concluded that the observed API reduction in space was a function of time and independent
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of drug expiration date or dosage form (solid, semisolid or liquid). For example,
promethazine, a medication against motion sickness, showed to stay within United States
Pharmacopeia (USP) acceptability range after 600 days on Earth but only 200 days in
space. Similarly, Amoxicillin remained well within USP acceptable range after 900 days on
Earth but lasted less than 600 days in space. It is hypothesized that reduced antibiotic shelf
life in space occurs due to chronic low dose of ionizing radiation or repackaging of drugs in

flight-specific dispensers (Du et al., 2011).

2.4 RISK OF INFECTIOUS DISEASE DURING SPACEFLIGHT

Closed environments, such as spacecraft have proven to be niches for microbial
proliferation — on surfaces, air and condensate (Novikova, 2004). This increases the risk of
infectious diseases. A literature survey written by Mermel et al. (2013) summarized flight
information relating to infectious diseases during spaceflight based on 742 different
crewmembers of 106 Space Shuttle flights. He found that in total, there were 29 reported
infectious disease incidents. This means that about 4% of the astronauts who were part of
this investigation suffered some sort of infectious disease incident. Separately, it has also
been documented that out of 28 analyzed Shuttle astronauts with latent herpesviruses, 11
had them reactivated in space (Borchers et al., 2002). Some of these cases were in
spaceflight as short as 9 days. These 11 astronauts showed a 220% and 100% increase in
adrenaline and noradrenaline, respectively (Stowe et al., 2001). A different study reported
that during the first 33 Space Shuttle flights, over 500 individual doses of 31 different
medications were taken (Tietze & Putcha, 1994). This represents 88% of the astronauts of
those flights, with the caveat that these medications include treatments against motion
sickness, sleeplessness, and other non-infectious diseases. A reportedly serious bacterial

(P. aeruginosa) infection occurred on the Apollo 13 mission (Aviles, Belay, Fountain, Vance,
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& Sonnenfeld, 2003) and the in-flight antibiotic treatment given during the mission was
ineffective (Benoit, 2005). All this data serve as a basis to understanding the probability of
different diseases from occurring during space travel. However, it must be stressed that
these statistics are based on spaceflights of about two weeks — the longest space shuttle
flight, STS-80 had a duration of 17.6 days while the shortest, STS-93 was in space for less
than 5 days (Petty, 2005). These problems could be exacerbated during long-term
spaceflight missions. For example, a round trip mission to Mars would take well over a year
and these missions would likely include surface Extra-Vehicular Activities (EVA). Surface
EVAs increase the probability of lacerations and fractures that could results in serious
bacterial infections (Zea, Diaz, Shepherd, & Kumar, 2010). For all these reasons, it is
paramount that we learn how to mitigate bacterial infections and risk of bacterial
transmission in space (Mermel, 2013). Beyond that, the risk of infection is aggravated by
the risk of inefficient antibiotic treatments and the risk of the rise of drug-resistant

bacteria.

2.5 CURRENT HYPOTHESES BEHIND THE PHENOMENA INVESTIGATED IN

THIS THESIS

A thorough literature survey has allowed for a compilation of the most common
acting mechanisms behind currently established hypotheses on why bacteria grow
differently in space as well as the observed decrease in antibiotic effectiveness during

spaceflight. These mechanisms are:

1. Extracellular environment and mass transport (Benoit, Brown, Todd, Nelson, &

Klaus, 2008; Benoit & Klaus, 2007; Kitts et al., 2009; Klaus, 2004; Klaus, Benoit,
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Nelson, & Hammond, 2004; Klaus et al., 1997; Klaus & Howard, 2006; Nicholson et
al., 2011; Ricco et al., 2007, 2010; Todd & Klaus, 1996).

2. “R-plasmid transmission” (Boever et al., 2007; Ilyin, 2005; Mermel, 2013).

3. Changes to cellular envelope in space (Mermel, 2013; Moatti et al., 1986; Tixador,
Richoilley, Gasset, Planel, et al., 1985).

4. Quorum sensing (Lee & Collins, 2011; Shapiro, 1998; Vega, Allison, Khalil, &
Collins, 2012).

The first and last of these hypotheses try to explain both, bacterial growth and
susceptibility to antibiotics. The second and third refer to antibiotic susceptibility. This
thesis’ hypotheses are founded on an analysis where changes in the extracellular
environment are indirectly analyzed via differential gene expression, in addition to a study
of phenotypic differences between cultures grown in the spaceflight environment and their
matched ground controls. Extracellular mass transport is a slightly more complex

biophysical issue that requires its further explanation.

2.5.1 Extracellular Mass Transport

A single cell’s response to microgravity can be categorized under direct and indirect
effects. Direct effects occur due to sensed acceleration signals or measureable weight,
deformation (strain, bending, and torsion) or displacement of the cytoskeleton or cell
organelles. On the other hand, indirect effects are those that occur as a result of prior
changes that took place due to microgravity. Namely, bulk fluid phenomena, boundary
layer-related effects and other mass transport phenomena (Klaus et al., 2004).

Similarly, mass transport can be categorized as active or passive in nature. Active
transport entails stirring or pumping actions done either naturally, e.g. by flagella, or by

human intervention. Passive transport can be categorized as gravity-dependent or —
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independent. Density driven motion is an example of the first group while random, Fickian
and osmotic diffusion are representative of the latter category. Density-driven convective
currents can be produced by either concentration gradients or thermal gradients (Klaus et
al., 2004).

During the last decades, mass transport phenomena have been proposed as the
reason for multiple cellular observations made in space. As recent examples, three separate
NASA Ames biosatellites have concluded that mass transport phenomena played an
important role in changes in bacterial and fungal behavior.

First, the GeneSat automated satellite produced data that led scientists to
hypothesize that the changes observed in growth curves were in part because nutrient
delivery and waste removal from cells (mass transport phenomena) were potentially altered
in microgravity (Kitts et al., 2007; Minelli et al., 2008; Ricco et al., 2007).

Second, it was concluded from the data produced by the O/OREOS nanosatellite
with B. Subtilis on board that the bacteria grew more slowly in space than on Earth. It was
stated that “the primary difference... is a change in mass transport of nutrients and waste
products” (Nicholson et al., 2011).

Third, the PharmaSat team observed an extended lag phase on S. cerevisiae in
microgravity compared to the ground controls. They also saw that the yeast grown in a
medium with 4xMIC still presented metabolic activity in space. That team hypothesized
that these changes occurred due to altered mass transport phenomena: nutrients were not
reaching the cells as quickly and/or waste products were not being washed away as fast as
in Earth since mass transport was a diffusion-only type of phenomenon (Kitts et al., 2009;
Ricco et al., 2010).

Microgravity may affect cellular metabolism in part by altering mass transport

processes governing nutrient uptake and waste removal. Klaus et al. (1997) proposed that
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in microgravity, when the exponential growth phase was achieved, a pseudo-membrane of
toxic metabolic byproducts would form (as an osmotic solute gradient) around the cell. This
is similar to the ‘deletion zone’ hypothesized to promote improved protein crystallization in
space (McPherson et al., 1999). On the other hand, in 1g when cell byproducts are less
dense than the cell itself, they are washed away as the cell sediments. This also provides
continued ‘fresh’ nutrients to the cell. When sedimenting, a cell reaches terminal velocity,
where the forces of weight, buoyancy and shear are balanced; meaning that the cell feels its
full weight as it sediments. Furthermore, fluid dynamics around a cell can be modeled with
the momentum equation (derived from the Navier-Stokes equation) and the species

concentration equation as in (Klaus et al., 2004).
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CHAPTER 3

MATERIALS AND METHODS

3.1 BACTERIAL MODEL SELECTECTION
E. coli ATCC 4157 Escherichia coli (Migula) Castellani and Chalmers (ATCC®
4157™) (ATCC, 2012)) was chosen as the model species and strain for myriad reasons. E.
coli is the bacterial research organism flown to space the most, as seen in Figure 1, which
provides a wealth of data to compare against (Zea, Stodieck, & Klaus, 2014). Specifically,
this strain has been flown on seven different space shuttle flights: STS-37, -43, -50, -54, -57,

-60 and -62 (Klaus, 1994; Brown et al., 2002).

Other
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O Bacillus Subtilis

0O Pseudomonas aeruginosa

O Salmonella Typhimurium

32%

Figure 1. Distribution of bacterial species used on spaceflight experiments. E. coli has been
the most commonly flown bacterial species to date (54 experiments), based on a study of
over 171 space-based in vitro experiments (Zea et al., 2014).



27

This is a non-motile strain when grown with only glucose as the source of carbon.
This is important because one theory suggests that motile cells could potentially disrupt the
quiescent environment around it, which in turn may confound spaceflight results (Benoit &
Klaus, 2007). As part of the human biome, E. coli is present in all human spaceflight and
has been found on spacecraft surfaces and air (Novikova, 2004). It is an opportunistic
pathogen, so it is likely to trigger infectious diseases during spaceflight (Ilyin, 2005), e.g.
meningitis, invasive urinary tract infections, septicemia and diarrhea (Buchanan &
Gibbons, 1975; Johnson, Gajewski, Lesse, & Russo, 2003). Finally, E. coli is an organism
commonly used for other types of studies thus acquiring more knowledge about it may be

beneficial to other parties.

3.2 GROWTH MEDIUM AND TEMPERATURE

Bacterial growth in a liquid medium in microgravity presents a low-shear stress
environment similar to that sensed by bacteria in the human gastrointestinal, respiratory,
and urogenital tracts (Nickerson, Ott, Wilson, Ramamurthy, & Pierson, 2004). E. coli was
grown anaerobically in Medium E minimal medium as described in Vogel & Bonner (1956)
supplemented with glucose (Fisher Scientific, Cat. No. D-16, Waltham, MA, USA) to a final
5 (g/L) concentration. The experiment was designed for bacteria to be cultured at 30°C, as
this temperature allows for a clearer differentiation of the growth phases (Kacena, Merrell,
et al., 1999). Actual temperature data show that the spaceflight samples of the experiment
reported in Chapter 5 were maintained at 30.2°C +0.7°C (four independent temperature
data recorders) and the ground controls at 31.7°C +0.4°C (another four independent
temperature data recorders), i.e. there was only a 1.5°C average temperature difference,

which makes no significant difference in growth based on pilot experiments. More details
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presented in Appendix 3. The inoculum’s cell density was 7.91x10° cell/mL (log-phase cells),

which once diluted to the test starting conditions yielded a 1.22x10° cell/mL concentration.

3.3 CULTURE HARDWARE: FLUID PROCESSING APPARATUS (FPA)

The experiments took place in BioServe’s Fluid Processing Apparatus (FPA), shown
in Figure 2. The FPA is a spaceflight-rated glass barrel that permits to store up to a total of
6.5 mL of four different solutions and to mix them sequentially to initiate and terminate an
experiment. Fluids are separated by rubber septa, which can be pushed to allow mixing
through a bypass. FPAs were packed in groups of eight inside Group Activation Packs

(GAP), which in turn were housed inside BioServe’s Commercial Generic Bioprocessing

Apparatus (CGBA) for temperature control (Hoehn, Klaus, & Stodieck, 2004).

Figure 2. Fluid Processing Apparatus (FPA). BioServe’s FPA loaded with colored solutions
to best describe the actual contents per chamber of the AES-1 spaceflight experiment
configuration: A — 2.75 mL of sterile growth medium with glucose; B — 0.50 mL of inoculum
in growth medium; C — 0.25 mL of antibiotic solution; D — 2.10 mL of fixative (either
paraformaldehyde or RNA Later II). In this figure, pushing from right to left would move
the septum separating chambers A and B into the bypass, thus allowing for the solution in
chamber B to be transferred and mixed into chamber A. The actual solutions as flown in
AES-1 were all colorless.

3.4 ANTIBIOTICS
Two antibiotics were used. First, Gentamicin Sulfate (MP Biomedical, Cat No.

1676045, Santa Ana, CA, USA), an aminoglycoside that interrupts protein synthesis by
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binding to the 30S subunit of the bacterial ribosome and which has been flown in
experiments onboard STS-69 and STS-73 (Kacena, Merrell, et al.,, 1999), and the
Soviet/Russian space station Mir (Juergensmeyer et al.,, 1999) (reported in the last
reference simply as Gentamicin, with no further details). Seven different Gentamicin
Sulfate solutions were prepared in distilled water and filter-sterilized (0.20 wm) for flight.
Their concentrations varied so that, when introduced into the culture, they would range
from 25 to 175 ug/mL. They were stored at 4°C until needed for loading the FPA. Second,
Colistin Sulfate (Sigma-Aldrich, Cat No. C4461, Saint Louis, MO, USA), a polypeptide that
kills bacteria by solubilizing its membrane and which has been used in experiments
onboard Salyut 7 (Lapchine et al., 1986; Tixador, Richoilley, Gasset, Planel, et al., 1985;
Tixador, Richoilley, Gasset, Templier, et al., 1985) and STS-61-A (Lapchine et al., 1986;
Moatti et al., 1986) (reported in all of these references simply as Colistin, with no further
details). Seven different Colistin Sulfate solutions were prepared in distilled water and
filter-sterilized (0.20 um) for flight. Their concentrations varied so that, when introduced
into the culture, they would range from 1 to 7 ug/mL. They were stored in the dark (this
drug at these low concentrations is light sensitive) at -20°C until needed for loading the

FPAs.

3.5 BASELINE LOWEST ANTIBIOTIC CONCENTRATION

Drug activity against an organism and bacterial resistance are usually quantified
via the drug’s minimum inhibitory concentration (MIC). To allow for comparison through
laboratories, MIC is determined through standardized protocols as described in (Andrews,
2001; BSAC, 2012). Spaceflight experimentation introduces special requirements on the
hardware and by extension, to the experiment design. In other words, stringent compliance

to standardized procedures used on Earth is not always possible when conducting space life
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sciences experiments. In the case of this experiment, the procedure to define MIC had to be
modified in order to accommodate hardware and operational limitations derived from
spaceflight. The lowest antibiotic concentration was defined on Earth as the drug
concentration needed to inhibit bacterial growth in an FPA with an E.coli culture of
1.0x107 cell/mL in Medium E supplemented with 5 g/L glucose for 32 hours at 30°C (i.e. as
close to flight conditions as possible). These lowest antibiotic concentrations were identified
as 25 pg/mL and 1 ug/mL for Gentamicin Sulfate and Colistin Sulfate, respectively. The
concentrations flown in the experiment described in Chapter 5 were therefore multiples of

these concentrations from 1x up to 7x.

3.6 FIXATIVE

To allow for post-flight analyses, samples were fixed in paraformaldehyde (PFA) for
the phenotypic studies and in RNA Later II for the genotypic assays. Paraformaldehyde
(ACROS, Cat. No. 41678, New Jersey, USA) solutions in PBS (Fisher Scientific, Cat. No.
TA-125-PB, Waltham, MA, USA) were prepared (pH 7.0) and filter sterilized (0.20 um) so
that, when mixed with the cultures, would yield a 1.5% concentration. RNA Later II (Life
Technologies, Cat No. B7024, Carlsbad, CA, USA) was used for the gene expression

analysis samples.

3.7 OPTICAL DENSITY AND CELL CONCENTRATION COUNT

All of the analyses were conducted in labs post-flight after sample return to Earth.
Optical Density (OD) measurements of the 72 flight and 109 FPAs fixed with PFA were
acquired with a Fisher Scientific Multiskan™ FC Microplate Photometer at 600 nm. Three
individual samples were taken from each FPA, thus totaling over 500 OD data points. To

count for potential changes in cell sizes corrupting the optical density data, actual cell



31

counts using a hemacytometer (as described in Appendix 1) were conducted on each of the

181 samples.

3.8 ANALSYS OF CELL MORPHOLOGY: PHASE CONTRAST AND
TRANSMISSION ELECTRON MICROSCOPY (TEM)

Since the samples were already fixed in 1.5% PFA, no sample preparation was
required for phased contrast microscopy, which was used for analyzing cell and colony
morphology, and cell length and diameter. Phase contrast microscopy was performed using
a Carl Zeiss Axio Imager M2 and a Nikon E600 Widefield Microscope. Cell length and
diameter (624 data points) were acquired using ZEN (Zeiss, 2014) and FIJI (LOCI, 2014)
software.

Originally, cells were stained with FM4-64 lipophilic styryl dye (Molecular Probes
Cat No. T-3166) as in (Lewenza, Vidal-Ingigliardi, & Pugsley, 2006; Pohl et al., 2007), and
DAPI (4',6-Diamidino-2-phenylindole, Sigma-Aldrich Cat No. D9542), to contrast the cell
envelope from the nucleotides, respectively. The use of these two dyes together improves
visualization of E. coli cell membrane (Fishov & Woldringh, 1999). After staining, cells were
observed utilizing a Zeiss 510 confocal laser scanning microscope. This microscope is
capable to use a pinhole to reject light that comes from outside the focus area. This permits
to make “optical sections” of bacteria. However, phase contrast microscopy proved ideal for
measuring cell size, as the cell envelope was clear from the background and it required no
staining. Cell surface was calculated from the length and diameter data and by modeling a

bacterial cell as a rectangular cylinder with two hemispheres as seen in Figure 3.



32

Figure 3. Cell size measurement. Originally, cell size measurements were going to be
acquired dying the cells with FM4-64 and DAPI stains and observing them with
fluorescence microscopy, as shown in image (A) — image taken with a Zeiss 510 confocal
laser scanning microscope. However, it was more convenient to acquire these
measurements via phase contrast microscopy (B) — image taken with a Nikon E600
Widefield Microscope. (C) A bacterial cell was modeled as a rectangular cylinder with two
hemispheres of total length L. and diameter D, as measured on the microscope images. This
capsule was composed of a cylinder of length L-D and two hemispheres of diameter D. The
minimal cross section area is shown as the green, circular projection, and the maximum as
the red projection.

Cell surface area was calculated per the following equation:

A=mnD(L - D)+ nD?

where A indicates area, D represents diameter, and L total cell length. The surface
area was calculated for each of the 312 cells measured and error bars were based on the
overall data. Stokes radii were calculated from the volume of each cell, assuming a
spherical shape. Student’s t-test analysis was conducted to determine statistical
significance of the different parameters assessed.

For Transmission Electron Microscopy (TEM), conducted at the Core Facility for
Integrated Microscopy at the University of Copenhagen, samples were fixed with 2% v/v
glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2). Following centrifugation the
supernatant was replaced and the sample pellets re-suspended and rinsed in 0.15 M

sodium cacodylate buffer (pH 7.2) three times. Next, the sample pellets were embedded in
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low-melting point agarose and postfixed in 1% w/v OsO4 in 0.12 M sodium cacodylate buffer
(pH 7.2) for 2 hours. The specimens were dehydrated in graded series of ethanol,
transferred to propylene oxide and embedded in Epon according to standard procedures.
Sections, approximately 80 nm thick, were cut with a Reichert-Jung Ultracut E microtome
and collected on copper grids with Formvar supporting membranes, stained with uranyl
acetate and lead citrate, and subsequently examined with a Philips CM 100 TEM (Philips,
Eindhoven, The Netherlands), operated at an accelerating voltage of 80 kV and equipped
with an OSIS Veleta digital slow scan 2k x 2k CCD camera (Olympus, Germany). Digital

images were recorded with the ITEM software package.
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CHAPTER 4

IN-VITRO ANTIBIOTIC ACTIVITY AND BACTERIAL CELLULAR ENVELOPE

INVESTIGATIONS IN SPACE

Spaceflight offers a unique platform for conducting research on antibiotic
effectiveness and bacterial resistance to antimicrobials. The applications of these types of
investigations may not only positively impact future human space exploration, but may also
help improve human health on Earth. A comprehensive review of over 400 publications and
international databases was conducted to characterize the current state of knowledge on
spaceflight antibiotic activity and bacterial resistance, and to identify potential next
research steps in these fields. Experiments conducted in free-flying satellites, human
spacecraft and space stations, and even onboard orbiting rocket stages, were considered,
together with their testing details, findings, and conclusions. From this investigation, only
six different spaceflight experiments were identified to interrogate antibiotic activity in
space (Tixador et al., 1985; Moatti et al., 1986; Lapchine et al., 1986; Tixador et al., 1994;
Gasset et al., 1994; Klaus, 1994; Kacena & Todd, 1999; Juergensmeyer et al., 1999). The
analysis of their methodologies and results suggests that cell envelope changes observed on
bacteria during spaceflight may be related to antibiotic effectiveness. Therefore, this review

also includes the four experiments where changes on cell envelope were assessed (Tixador
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et al., 1985, Menningham & Heise, 1994; Tixador et al., 1994; Gasset et al., 1994;
Juergensmeyer et al., 1999).

Preceding human spaceflight, the Soviets and Americans launched missions
containing, among other organisms, bacteria. The first Soviet and American satellites to
carry bacterial samples, Korabl-Sputnik 2 (incorrectly called “Sputnik 5” in the West due to
lack of knowledge) and Discoverer 17, both in 1960, helped scientists verify if the cells
would survive the exposure to the space environment (Bulban, 1961; Zhukov-Verezhnikov
et al., 1962). Bacterial experiments’ focus during the 1960’s and 1970’s revolved around
viability, growth, and lysogeny — or the reproduction of bacteriophages, small viruses that
infect bacteria (Zea et al., 2014). These investigations suggested that bacterial growth was
increased in space, meaning that spaceflight samples usually had higher final number of
cells than their matched ground controls.

Two experiments, one conducted onboard Skylab and another during the Apollo-
Soyuz Test Project (ASTP), investigated if bacteria exposed to the spaceflight environment
showed any differences to antibiotic susceptibility after their return to Earth. They had
conflicting results: the Skylab experiment concluded that bacteria were more susceptible to
antibiotics after being exposed to the space environment (Floyd, 1974; Summerlin, 1977),
while the ASTP research project reported that antibiotic resistance was increased in
bacteria sent to space (Taylor & Zaloguev, 1978).

This was the knowledge landscape at the beginning of the eighties when the first
experiment assessing antibiotic activity in space, Cytos 2, took place onboard the Soviet
space station Salyut 7. This research project aimed at answering two new scientific
questions that became the foundation for current investigations: 1) “Are there changes in
antibiotic activity in space?” and 2) “Are there changes in bacterial cell envelope thickness

in space?”
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4.1 ASSESSMENT OF THE METHODOLOGIES USED ON SPACE-BASED

INVESTIGATIONS

4.1.1 Limitations of Experiments Conducted in Space

Space-based research adds a series of challenges to scientists that are usually not
considered for Earth-bound experiments. Media, buffers, and all solutions and materials
need to be approved for launch; the experiments may need to be handed over and
integrated into the launch vehicle well in advance of lift off, and it may take additional time
for the investigation to start after reaching space. This generally poses a hindrance to time-
sensitive life science investigations. These issues may be exacerbated if the experiment is
taking place in a human-tended space station, as safety regulations are increased and
astronaut time may not be readily available. Furthermore, what could be considered
standard laboratory equipment on the ground may not be available in space and engineers
and payload integrators are needed to ensure proper functionality of the experiment
hardware. While a scientist may open a petri dish to assess or manipulate a culture on
Earth, in space “levels of containment” must be maintained in between the sample and the
environment — their number depending on the bacterial biosafety level.

These and other issues require that established and standardized protocols be
updated and customized for spaceflight. An example of this is the identification of a drug’s
Minimum Inhibitory Concentration (MIC), or the lowest concentration needed to inhibit
bacterial growth. Although MIC protocols are well defined in the U.S. and Europe (
Andrews, 2001; BSAC, 2012), these may not be easily implemented. This, and the use of

different hardware, makes direct comparison in between spaceflight experiments difficult.
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Finally, one of the biggest challenges for researchers to conduct experiments in
space is up- and down-mass, or bringing equipment and samples to and from space. The
International Space Station (ISS) has partly alleviated these problems by providing an
equipped orbiting laboratory regularly tended by servicing spacecraft. Although the
problem still exists, scientist can now send experiments with large enough sample sets to
help them achieve statistical significance in their studies. This was harder to accomplish
during the first decades of space-based research, where up-mass and astronaut time was
even scarcer — only the latest three experiments analyzed in this review report statistical

significance on their results.

4.1.2 Potential Re-Adaptation to 1g

Fixing the samples after return to Earth or not fixing them at all introduces a
confounding factor: potential re-adaptation to 1g. For example, some of the bacterial cells
flown to the Soviet space station Salyut 7 were challenged with antibiotics in space and
some were brought back to Earth for post-flight analysis. This study concluded that
increased resistance disappeared after return to Earth (Tixador, Richoilley, Gasset, Planel,
et al., 1985); in other words, characters such as increased resistance in space were not
acquired and may be lost at return to 1g. Thus, if antibiotic effectiveness or cell envelope
thickness measurements (or any other, for that matter) are not taken in-situ, or if they are
acquired on samples fixed after return to 1g, re-adaption to 1g may confound the results.
The fixation of samples in space introduces one more step that increases hardware and
experimental complexity, and was rare during the first decades of space life sciences
research. From the six antibiotic activity investigations, only three report acquiring their

data in situ, or fixing the samples prior to return to Earth for post-flight analysis (Tixador
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et al., 1985; Klaus, 1994, Kacena & Todd, 1999). Similarly, from the four cell envelope

investigations, only one documents in-space fixing taking place (Tixador et al., 1994).

4.1.3 Growth Medium

Four of the six antibiotic activity studies (Cytos 2, Antibio, Antibio 23F, and STS-
57/60) cultured the bacteria in a liquid medium (Tixador et al., 1985, Moatti et al., 1986;
Tixador et al., 1994; Klaus, 1994). The other two (STS-69/73 and the one onboard Mir) grew
them in agar, since part of their objectives was to interrogate the role of medium
(liquid/solid) on drug effectiveness (Kacena & Todd, 1999; Juergensmeyer et al., 1999). MIC
identification protocols on liquid medium on Earth are based on the introduction of
antibiotics during the acceleration phase (in between lag and exponential growth phases) of
bacterial growth. However, this introduces further complexity to space-based experiments
such as additional astronaut operational steps, or extra pumps and valves. Thus, all of the
spaceflight experiments were antibiotic activity was interrogated had the antibiotic already
in the growth medium, except for the experiment conducted onboard the Mir space station.
On that experiment, antibiotic effectiveness was tested after the experiment returned to
Earth by placing antibiotic discs on the agar on subcultures grown from the samples flown
to space (Juergensmeyer et al., 1999). Three of the four experiments that assessed changes
on bacterial cell envelope were conducted on liquid medium, the exception being, again, the
Mir experiment (Tixador et al., 1985; Tixador et al., 1994; Menningham & Heise, 1994;

Juergensmeyer et al., 1999).

4.1.4 Motility
Although most spaceflight studies have reported the same general finding of an

increase in bacterial populations in space with respect to ground controls, there have been a
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few exceptions that noted no differences. A literature review published in 2007 found a
trend relating cell motility with experimental outcome where the studies that reported
exceptions to the general finding tended to used motile strains (Benoit & Klaus, 2007). It
was hypothesized that the bacterial flagella disrupted the quiescent medium around the
cell, which is one of the hallmarks of bacterial growth in liquid media in microgravity.
However, the importance of motility had not been systematically characterized but until
2007, so it was not a generally recognized bacterial selection criterion before then.

One of the bacterial strains employed in two of these investigations — E. coli K12
ATCC®25922™ used on the Antibio and Antibio23F experiments — was motile (Benoit &
Klaus, 2007); one was non-motile — E. coli®ATCC 4157™ used on the STS-57/-60 and STS-
69/-73 investigations — and the motility of the others strains is unknown (see and Error!

Reference source not found. at the end of this chapter, for details).

4.2 REVIEW OF THE RESULTS

4.2.1 Changes in Antibiotic Activity in-vitro in Space

In-vitro bacterial proliferation in antibiotic concentrations higher than those needed
to inhibit growth on Earth has been observed since the first antibiotic activity experiment,
Cytos 2; however, conflicting results have been published. It has been observed in space
that E. coli collected from an astronaut’s microflora was capable of proliferating in 4XMIC
of Colistin (polymyxin), 4XMIC of Kanamycin (aminoglycoside) (Tixador, Richoilley, Gasset,
Planel, et al., 1985); that E. coli K12 ATCC®25922™ thrived in 2XMIC of Colistin
(Lapchine et al., 1986; Moatti et al., 1986); and E. coli ATCC®4157™ grew in 1X MIC
Gentamicin (aminoglycoside) (Klaus, 1994). Additionally, a bacteriostatic experiment with

E. coli and Colistin showed a 100X increase in final cell count in space with respect to
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ground controls (Lapchine et al., 1986; Moatti et al., 1986). Based in the difficulties stated
above, statistical significance was not reported in any of these results, with the exception of
(Klaus, 1994).

No differences in MIC between spaceflight and ground control samples were
reported in Staph. aureus challenged with Oxacilin (penicillin), Chloramphenicol
(cholarmphenicol), and Erythromycin (macrolide) (Tixador, Richoilley, Gasset, Planel, et al.,
1985); nor in E. coli ATCC®4157™ challenged with Colistin (Klaus, 1994). No changes were
observed in final cell count when E. coli was challenged with dihydrostreptomycin (Tixador
et al., 1994). In this study, antibiotic binding was also quantified via radioactivity tritium-
labeled dihydrostreptomycin and the results suggested that there was a slower antibiotic
uptake in space (Tixador et al., 1994).

Finally, an increase in antibiotic effectiveness has only been reported on the STS-69/-
73 experiment — where a 10% increase in Gentamicin effectiveness was observed on non-
motile E. Coli grown in agar (where the cell doesn’t experience as many changes on the
extracellular environment in space with respect to 1g, as it would on liquid medium, as
explained in section 4.3.2 The Role of Fluid Behavior) — and on some of the tests of the Mir
experiment (Kacena & Todd, 1999; Juergensmeyer et al.,, 1999). On the latter, after the
return of the unfixed samples to Earth, subcultures of the four flown species were grown
and challenged with 12 different drugs. They concluded that after spaceflight, bacteria
became more susceptible in seven cases and more resistant in two with respect to pre-flight
values — including E. coli becoming more resistant to Penicillin (Juergensmeyer et al.,
1999).

Klaus (1994) concluded that antibiotic effectiveness tended to decrease on the drugs
to which E. coli could adapt, to which Juergenesmeyer et al. (1999) agreed and added "E.

coli tended to become more susceptible to the antibiotics to which it was clinically
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susceptible on the ground, and more resistant to those antibiotics to which it was clinically
resistant on the ground”. They did not see this pattern on the other three tested bacterial

species.

4.2.2 Changes in Cellular Envelope in Space

Cytos-2 was not only the first experiment to assess antibiotic activity in space but it
also included a separate cellular envelope thickness investigation, concluding that although
there were no changes on E. coli, there were on Staph. aureus (Tixador, Richoilley, Gasset,
Planel, et al., 1985). Although no statistical analyses are indicated, electron microscopy
images of ground and spaceflight samples are presented in (Tixador, Richoilley, Gasset,
Planel, et al., 1985; Zaloguyev et al., 1984). Zaloguyev et al. (1984) indicated that Staph.
aureus cell envelope measured 28nm on the ground samples while it was 89nm on the
spaceflight cultures. An English translation of the abstract was published in (NASA, 1985).
Three other experiments have followed suit and all of them reported that there were no
changes in cell envelope: either on E. coli (Gasset et al., 1994; Tixador et al., 1994), on B.
subtilis (Menningmann & Heise, 1994) nor in cell structure in general on E. coli, B. subtilis,
or Staph. aureus (Juergensmeyer et al., 1999). Neither of these publications state achieving
statistical significance in their analyses, and from all four investigations only (Gasset et al.,

1994; Tixador et al., 1994) report having fixed the samples in space.

4.3 DISCUSSION

As seen in Figure 4, the Cytos 2 experiment aimed at answering two questions: Q1
“Are there changes in antibiotic activity in space?” and Q2 “Are there changes in bacterial
cell envelope in space”. Based on their observations that E. coli could proliferate in four

times the concentration of antibiotic compared to ground controls, and that there was an
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increase in cellular envelope thickness on Staph. aureus in space, they proposed two
hypotheses. H1: thicker cellular envelope translates into reduction of antibiotic introduction

speed; and H2: increased bacterial multiplication stimulates antibiotic resistance.

4.3.1 Gravity vs. Cosmic Radiation

To further investigate the first question and the first hypothesis, the same research
group conducted two more experiments: Antibio in 1985 and Antibio23F in 1992. The first
experiment showed that E. coli in space could grow in concentrations twice as high as those
that it could survive on Earth, while the second showed no differences in that regard. Each
of these experiments had two sets of cultures in space: one under “normal spaceflight
microgravity” and another in a 1g centrifuge on orbit. Bacteria behaved similarly in each of
these two sets, on both flights. These results suggested that there was another independent
variable, other than gravity, associated with spaceflight being responsible for their
observations. Therefore, this team proposed a new hypothesis H3: the differences observed
between spaceflight and ground controls are due to cosmic radiation and not because of
gravity. However, both of these experiments used E. coli ATCC®25922™ as their model
organism — a motile strain — and it is not clear what role this parameter may have played
on their results and conclusions. On the same Space Shuttle mission where Antibio23F was
conducted (STS-42), another experiment termed “Spores” took place in which a set of
cultures were also placed in a 1g centrifuge in orbit. In this experiment, the samples placed
in the centrifuge behaved similarly to the ground controls and not to the microgravity set.
This team then put forward a counter-hypothesis H4: the differences observed between
spaceflight and ground controls are due to gravity and not because of cosmic radiation.
Menningham and Heise (1994) did not report the strain of B. subtilis they used on the

Spores experiment. To acquire data to interrogate the role of these two independent
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variables — gravity and radiation — new experiments should consider using a 1g centrifuge

in orbit, and using non-motile strains of bacteria.

4.3.2 The Role of Fluid Behavior

Another experiment was conducted onboard Space Shuttle flights STS-57 and -60, in
which (non-motile) E. coli ATCC®4157™ was observed to proliferate in Gentamicin
concentrations that were inhibitory on Earth (Klaus, 1994). This investigation assessed
other parameters beyond antibiotic effectiveness and concluded that there was a shorter lag
phase and a higher final bacterial cell count in space compared to ground controls. A new
hypothesis was proposed from this investigation H5: changes in net extracellular mass
transport of antibiotics expose the bacteria to lower doses, allowing them to develop
resistance. From this, a new question was posed Q4: Does fluid behavior play a role on
bacterial susceptibility to antibiotics in space? To answer this, the next investigation —
conducted onboard Space Shuttle flights STS-69 and -73 — cultured bacteria in agar. The
same (non-motile) E. coli strain (ATCC®4157™) as the previous flight was challenged with
Gentamicin. Just as with previous experiments where bacteria was cultured in liquid
medium, it was concluded from this experiment that bacterial growth was increased in
space with respect to ground controls. However, antibiotic effectiveness was observed to
increase in a 10% in space in this agar-based test. On the following experiment, conducted
onboard space station Mir, bacteria was cultured in agar in the microgravity environment
for four months, not only trying to assess question Q4 but also a new one Q5: Does the
duration of exposure to spaceflight affect susceptibility to antibiotics? This experiment
yielded mixed results, were antibiotic efficacy was observed to increase and decrease,
depending on the bacterial species and antibiotic tested. However, it must be kept in mind

that in this experiment, it was not the spaceflight samples that were challenged with drugs,
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but subcultures grown from those that flew, with at least 10 hours (i.e. several generations
downstream) in between sample return to Earth and experiment handover to the scientists
(Juergensmeyer et al., 1999).

Changes in extracellular transport in liquid medium is to date the
hypothesized reason behind several bacteria-related spaceflight phenomena, including
modified growth behavior, and increased virulence (Benoit et al., 2008; Benoit & Klaus,
2007; Kitts et al., 2009; Klaus, 2004; Klaus et al., 2004, 1997; Klaus & Howard, 2006;
Nicholson et al., 2011; Ricco et al., 2007, 2010; Todd & Klaus, 1996). In order to
systematically test this hypothesis, new experiments should consider culturing bacteria in

liquid medium and agar in a synchronous fashion.

4.3.3 Relationship between Cellular Envelope and Antibiotic Activity

Results from the four investigations on cellular envelope changes due to spaceflight
are inconclusive. On one hand, cellular envelope thickness measurements of 28nm and
89nm were reported on the ground controls and spaceflight samples of Cytos-2,
respectively. However, no statistical analysis could be found and these samples were not
fixed in space. Furthermore, temperature tracking in between sample return to Earth in
Kazakhstan, and fixation in glutaraldehyde in Moscow was not possible (Lapchine et al.,
1986).

On the other hand, the next three investigations reported no changes on cellular
envelope between samples cultured in space and matched ground controls. However, in only
one of these three were samples fixed in space, Antibio23F, the experiment that used a
motile strain of E. coli. For another one of these three investigations, Spores, no statistical
analysis could be found. The other experiment that reported no changes in cellular envelope

conducted the assessment not on spaceflight samples but on subcultures grown on Earth.
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Because of these inconsistencies, cellular envelope investigations should be continued as it
has been proved that changes on the bacterial cell envelope are correlated with antibiotic
resistance here on Earth (Sieradzki & Tomasz, 2003), and because conclusive data hasn’t
yet been produced. Finally, it is recommended that standardized protocols for conducting
these types of analyses be used, if possible, to make the spaceflight results available to

other investigations on Earth.

4.3.4 Statistical Significance and Potential Re-Adaption to 1g

Maintaining a stringent and critical approach, and disregarding the difficulties of
space-based experimentation — especially during the first few decades of spaceflight — only
the results where statistical significance was achieved and reported should be considered.
Furthermore, the interpretation of the results that may have been confounded by potential
re-adaptation to 1g should be questioned. Under these strict criteria, the following results
may be considered statistically valid and free from potential re-adaptation to 1g:
1. Non-motile E.coli ATCC®4157™ proliferated in liquid medium in 1XMIC of Gentamicin

while no growth was observed on matched ground controls (Klaus, 1994).

2. Antibiotic-free growth of non-motile E. coli ATCC®4157™ has been observed to increase
in spaceflight with respect to ground controls, in liquid medium (Klaus, 1994) as well as

in agar (Kacena & Todd, 1999).

3. Non-motile E. coli ATCC®4157™ challenged with Gentamicin in agar, showed a 10%

increase in drug effectiveness in space than compared to 1g (Kacena & Todd, 1999).

4.4 RECOMMENDATIONS FOR FUTURE RESEARCH
Spaceflight places challenges on research that are best addressed during early
experiment design. It is recommended to use low-biosafety level organisms and, depending

on the scientific objectives, to keep bacterial motility as a strain selection criterion.
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Similarly, it is suggested to use non-toxic, and non-hazardous materials to the extent
possible. The experiment should be planned to minimize the impact of the delay between
sample preparation and experiment start (due to payload integration into the
spacecraft/launch vehicle, potential launch delays, initiation of operations after reaching
space, etc.). This can be achieved by maintaining the organisms in stasis, either by
temperature (if power and temperature regulation are available to the organism habitat),
or by maintaining it in a medium without a source of glucose or metabolic energy, if
possible. Given the limitation on up-mass, it is also recommended to prioritize sample
replicate number over amount of testing conditions to enable statistically significant
results.

Ideally, scientific data should be acquired in space; however, this is often difficult to
achieve. To avoid potential re-adaption of the organism to 1g, the next best solution is to fix
the samples in space as soon as the experiment has been completed. Researchers should
also keep in mind what assays and protocols will be conducted on Earth and choose their
fixative accordingly.

The two original questions posed before Cytos 2 still need answering; additionally,
new ones have been presented. The role of gravity vs. cosmic radiation, of fluid behavior,
and of bacterial motility on the observed results has been disputed. To address these
variables in a systematic fashion, researchers should consider the use of a 1g centrifuge in
orbit, the medium used (liquid vs. agar), and the selection of motile or non-motile strains of
bacteria. Other aspects, such as the role of growth medium constituents (e.g. phosphates)
should also be examined.

It is encouraged that cellular envelope investigations are continued, as it has been
proved that changes on the bacterial cell envelope are correlated with antibiotic resistance

here on Earth (Sieradzki & Tomasz, 2003), and because conclusive data hasn’t yet been
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produced regarding cell envelope changes during spaceflight. Finally, -omics types of
analyses, e.g. transcriptomics and genomics, and the use of standardized protocols are
recommended to make the spaceflight results useful and compatible to other investigations

on Earth.
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SCIENTIFIC
QUESTIONS

Q1: Are there changes in antibiotic activity in space?

Q2: Are there changes in bacterial cell envelope thickness in space?

Q3: Are there changes in
antibiotic binding in space?

EVOLUTION OF

KNOWLEDGE

Increased colony
size on agar

Post-flight
increased
susceptibility to
antibiotics

(Summeriin, 1977) (Floyd,
1974)*

ASTP

Post-flight
increase in
“antibiotics
resistance”

(Taylor and Zaloguev,
1978)

BIOSATELLITE ||

Increase of
bacterial growth
activity

(Mattoni, et al., 1971)

Increase of
bacterial growth
activity

(Kordium et al., 1974)*

OTHER
EXPERIMENTS

SALYUT 7:
CyTtos 2

E. Coli proliferated
in 4XMIC Colistin,
and Kanamycin

Staph. aureus:
Increased cell
envelope thickness

increased
resistance
disappears after
return to Earth

E. coli, Staph. aureus

Colistin ,Kanamycin,
Oxacilin,
Chloramphenicol, and
Erythromycin

Antibiotic already in
growth medium.
Cell envelope
measurements taken on
samples that may have
been allowed to re-adapt
to 1g. Temperature not
tracked in between
sample return and
fixation on Earth. A.B.
samples were fixed in
space.

1982. French (Soviet
space station)

(Tixador et al., 1985)

1985

STS-61A:

ANTIBIO

E. Coli proliferated
2XMIC Colistin

No differences in
growth in between
spaceflightand 1g

centrifuge in
spaceflight

100X growth in
bacteriostatic in
space

E. coli (motile)
Colistin
1g centrifuge on orbit

Antibiotic already in
growth medium
No report about fixing.
Shuttle landed at
Edwards. Data acquisition

(visual) occurred until
samples arrived at KSC

1985. French (US
spacecraft)

(Moatti et al., 1986;
Lapchine et al., 1986)

5TS542:
ANTIBIO 23F

Spaceflightand 1g centrifugeb

in spaceflight cultures behaved
similarly

Spaceflight cultures
challenged with A.B. grew
faster but no changes on final
cell count

‘ Lower antibiotic uptake (binding) ‘

or cell size

‘ No changes on cell envelope, ‘ ﬂ

E. coli (motile)
Dihydrostreptomycin (already in
medium)

Antibiotic binding quantified via
ioactivity tritium-labeled antibiotic

7990‘

TEM samples fixed in space. All
others returned at 5°C

‘ 1992. French (US spacecraft) ‘
(Tixadoret al., 1994; Gasset et al, 1994)

STS42: SPORES

No changes on cell
envelope* (see note below)

Ground controls behaved as
19 centrifuge in spaceflight

\ B. subtilis

* Not clear if samples were fixed,
or if they were allowed to re-adapt
to 1-g prior to assessing envelope

‘ * No statistical analysis presented ‘

‘ 1992. German (US spacecraft) ‘
(Menningham and Heise, 1994)*

NEwW

HYPOTHESES

H1: Thicker cellular envelope translates
into reduction of antibiotic introduction

speed

H2: Increased bacterial multiplication

stimulates antibiotic resistance

H3: Differences likely due to
cosmic radiation and not ug

H4: Differences are unlikely to be

-

due to radiation

Figure 4. Evolution of knowledge on antibiotic activity and cellular envelope changes in
space. Missions on a thick line box indicate that samples were fixed in space and therefore
were not potentially compromised by re-adaptation to 1g and present statistical analyses on
the results. A star on the upper-right corner of a box indicates a statistically-significant
result. Boxes in tan represent results. Boxes in light gray represent a potential confounding

factor.
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CHAPTER 5

OBSERVED PHENOTYPIC CHANGES IN E. COLI CHALLENGED WITH

ANTIBIOTICS IN SPACEFLIGHT

Bacterial susceptibility to antibiotics has been shown in vitro to be reduced during
spaceflight; however, the underlying mechanisms responsible for this outcome are not fully
understood. In particular, it is not yet clear whether this observed response is due to
increased drug resistance (a microbial defense response) or decreased drug efficacy (a
microgravity biophysical mass transport effect). To gain insight into the differentiation
between these two phenomena, an investigation was undertaken onboard the International
Space Station (ISS) in 2014 — Antibiotic Effectiveness in Space-1 (AES-1). For this purpose,
E. coli was challenged with two antibiotics, Gentamicin Sulfate and Colistin Sulfate, at
concentrations higher than those capable of inhibiting growth on Earth. Phenotypic
parameters (cell size, cell envelope thickness, population density and lag phase duration)
and gene expression were compared between the spaceflight samples and ground controls

cultured in varying levels of drug concentration.
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5.1 MATERIALS AND METHODS
Most of the materials and methods behind AES-1 are explained in Chapter 3.

However, some details are specific to the spaceflight experiment and here described.

5.1.1 Sample Preparation and Loading

All of the hardware items were autoclaved. Two sterile PTFE mixing balls were
introduced together with 2.75 mL of sterile Medium E with 5.91 g/L glucose (to yield a final
5 g/l concentration when mixed with the inoculum) into the A chamber of each FPA. The
FPAs were then incubated for 48 hours at 37°C for contamination check. Next, chamber B
was loaded with 0.50 of inoculum (at 7.90x10°cell/mL to yield a 1.22x10° cell/mL
concentration when mixed with the growth medium) in glucose-free Medium E. Chamber C
was then loaded with 0.25 mL of antibiotic solution as necessary for each experimental
condition. Finally, the corresponding fixative was introduced into Chamber D (2.10 mL).
The FPAs were stored at 4°C and transported to NASA Wallops in Virginia. There, RNA
Later II solution was re-homogenized since this fixative tends to form crystals at lower
temperatures. The FPAs were then loaded into GAPs and these, in turn, into CGBA where

they were maintained at 4°C until launch.

5.1.2 Operations Timeline

AES-1 launched on Orbital CRS-1 on January 9, 2014 with the samples at 4°C. After
being berthed to ISS, about three days later the samples were transferred from the
transport CGBA to another CGBA onboard Station waiting at 4°C. Station CGBA was
commanded to 30°C and 23 hours later, the first activation took place (introduction of the
inoculum into the growth medium) — point A in Figure 5. Nineteen hours later the second

activation was conducted (introduction of the antibiotic solution into the growth chamber).
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Thirty hours later the experiment was terminated (fixative allowed to mix with the
culture). The GAPs containing FPAs with PFA as fixative were stored in Station CGBA,
which was then commanded to 20°C. The ones with RNA Later II were placed in the
MELFT freezer at -75°C. All of these operations were repeated on Earth for the matched

ground controls with the same timing, but 8 hour delayed.
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Figure 5. AES-1 operational timeline. The experiment start was indicated by inoculum
introduced into the growth medium (A). Nineteen hours later, at the expect end of lag phase
under these conditions, the antibiotic was introduced (B).Finally, samples were fixed (C) for
post-flight analysis.

Space samples remained stored until their return to Earth. The PFA-fixed samples
came back on SpaceX-3, which landed May 18, 2014, and the RNA Later II samples
returned on SpaceX-4 on October 25, 2014. A detailed timeline is presented in Appendix 2

and the flight and ground control temperatures in Appendix 3.
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Figure 6. Astronaut Mike Hopkins operating an AES-1 GAP onboard ISS. The cranking
motion allowed for the fluid in a chamber to travel to the next within each of the eight
FPAs.

5.1.3 Replicates and Ground Controls

Each FPA contained a specific testing condition, i.e. one of the two types of
antibiotics at a specific concentration and one of the two fixatives. The flight set consisted of
128 FPAs, sixteen of them without antibiotic and used as flight controls — eight to measure
cell concentration at experiment start and the other eight at time of what otherwise would
be antibiotic introduction (“A” and “B”, respectively, on Figure 5). The latter eight were
originally purposed to serve as negative controls for the antibiotic interrogation, i.e. to be
antibiotic-free samples that would be fixed at experiment end (“C” on Figure 5). However, it
was decided to assess if the cell concentrations were the same in space and ground controls
at the time of antibiotic introduction (to make sure this would not be a confounding factor

on the antibiotic effectiveness results); the six FPAs that were to be used at time “C” were
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actually used on time “B”. The lack of antibiotic-free samples at time “C” was overseen until
sample return to Earth.

Each testing condition had four replicates for statistical significance. Ground
controls consisted of a similar set of testing conditions summing 168 FPAs. Since the lowest
minimum concentrations of antibiotic required to inhibit growth on Earth had already been
determined as 25 pg/mlL and 1 pg/mL for Gentamicin Sulfate and Colistin Sulfate,
respectively, concentrations higher than 75 pg/mL and 4 pg/mL for those drugs were not
prepared as part of the ground controls. To replicate the temperature changes that took
place on orbit during operations, ground controls were stored and operated inside
BioServe’s environmental test chamber, which can mimic the Station CGBA’s humidity and

temperature profiles.

5.2 RESULTS

5.2.1 Bacterial Population Density and Lag Phase

Cell concentration in the spaceflight and ground control samples was measured at
different time points in the experiment, including at the start (following inoculum), in the
acceleration phase (in between lag and exponential phases, when the antibiotic was
introduced), and at the test end (stationary phase). A paired t-test was conducted to
compare these values in spaceflight and matched ground control samples. No statistically
significant difference was observed in cell count at experiment start or acceleration phase
in between spaceflight (M = 6.91x108 cells/mL, SD = 7.98x108 cells/mL) and matched ground
controls (M = 7.88x106 cells/mL, SD = 1.65x10° cells/mL) (¢(10) = -0.24, p = 0.8151). This
indicates that the spaceflight and matched ground control cultures had similar cell

concentrations at the time of antibiotic introduction. Although these results could suggest
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that there were no changes in cell lag phase duration, this is actually not definitive, as this
data is from one point in time and to determine the effective end of lag phase data from

several time points would be needed.

5.2.2 Launch Delays and their Impact on the Colistin Sulfate Samples

The launch of the Orbital CRS-1 mission, carrying AES-1, was delayed from
December 20, 2013 to January 9, 2014 due to a failure on an ammonia pump on ISS,
extreme cold weather at the launch site, and high radiation space environment due to solar
activity. During these delays, all the samples remained at 4°C, which is the recommended
storage temperature for Gentamicin Sulfate but not for Colistin Sulfate, which needs to be
maintained at -20°C when diluted to the AES-1 concentrations (1-7 pg/mL). This unplanned
and extended storage at 4°C likely degraded the quality of the Colistin Sulfate solutions, as
no trends were observed as a function of drug concentration on either the ground or
spaceflight cultures (Figure 7). Nevertheless, differences were observed between spaceflight
samples with respect to their matched ground controls. In other words, although the “drug
concentration” independent variable could not be assessed with the Colistin Sulfate

cultures, the “gravitational environment” independent variable could.
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Figure 7. Final cell count when challenged with Colistin Sulfate. No trends in final cell
count were observed as a function of drug concentration. It is believed that the long-term
storage at 4°C — due to a series of launch delays — degraded the quality of the drug
solutions.

5.2.3 Bacterial Growth When Challenged With Gentamicin Sulfate

Seven concentrations of Gentamicin Sulfate (25 to 175 p/ml) were tested in space but
only the three lowest concentrations were evaluated in ground controls. The four higher
concentrations were deemed unnecessary as it had already been determined that the lowest
drug concentration (25 ug/ml) was sufficient to inhibit bacterial growth under the test
conditions. Spaceflight cell concentrations at the end of the experiment were higher than
their respective ground controls in all cases. A paired t-test showed that, when challenged
with 25 pg/ml of Gentamicin Sulfate, there was a seven-fold increase in final cell count on

spaceflight with respect to ground (¢(5) = 13.03, p < .0001). This increase was 41-fold (¢(5) =
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19.75, p < .0001) and 18-fold (¢(6) = 5.74, p = 0.0012) for the next two antibiotic
concentrations (50 and 75 pg/ml), respectively. Conducting a paired t-test on these three
lowest concentrations as a single group showed that there was a 13-fold increase in final
cell count in space with respect to ground (¢(20) = 6.77, p < .0001). Details can be seen in

Figure 8.
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Figure 8. Final cell count when challenged with Gentamicin Sulfate. Higher cell population
counts were observed in space with respect to ground (13-fold increase in average).
Although there appears to be a decrease in magnitude at 150 and 175 pg/ml with respect to
125 pg/ml and less, this is misleading as accurate values were hard to acquire either by cell
count or optical density due to cell aggregation in these samples. It is estimated that values
at 150 and 175 pg/ml were roughly equivalent to that of 125 pg/ml. Bars indicate standard
error, n = 4 for all except for spaceflight at 25 and 50 pg/ml (n = 3, each), and 175 ug/ml (n =
2), as only the samples for which it was certain that the antibiotic was fully introduced
were considered.
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5.2.4 Bacterial Culture Morphology

From initial assessment of the samples upon their return to Earth, pronounced cell
aggregation was the most prominent phenomenon observed. Spaceflight samples with
Gentamicin Sulfate concentrations of 125 pg/ml or higher exhibited cell aggregation to the
point that the culture essentially became a contiguous, single cluster, as seen in Figure 9C.
This behavior was not observed on the ground controls. Similarly, spaceflight samples
challenged with the three highest Colistin Sulfate intended concentrations — 5, 6 and 7
pug/ml — showed cohesive growth, again, not seen in the matched ground control samples.

This is in contrast to the usually uniform fine turbidity cultures observed at 1g.

Figure 9. Liquid Culture Morphology. E. coli commonly grows in ME growth medium with
uniform fine turbidity as seen in the ground control (A). Some of the spaceflight samples
challenged with Colistin Sulfate showed cohesive, viscous clouds of cells (B) not observed on
the matched ground controls. Similarly, spaceflight samples challenged with the highest
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concentrations of Gentamicin Sulfate tended to aggregate into a single cluster (box in (C)).
The images on the right show E. coli cultures under phase contrast microscopy. Image (D)
shows regular growth on a ground control sample challenged with the lowest concentration
of Gentamicin Sulfate (25 pg/ml) and (E) a spaceflight sample challenged with the highest
concentration of the same drug 125 ug/ml. The differences in cell size and aggregation are
noticeable. Images were taken with a Nikon E600 Widefield Microscope.

5.2.5 Cell Size

One-way ANOVA were conducted to assess the role of drug concentration on a) cell
length and b) diameter for the four different combinations of drug type (Gentamicin Sulfate
and Colistin Sulfate) and gravity environment (spaceflight and ground control). There were
no statistically significant differences in either condition, suggesting that cell size is
independent of drug concentration — the worst case scenario being [F(6,3) = 2.709, p =
0.2220] and the best [F(6,5) = 0.202, p = 0.962]. However, both cell length and diameter
differed based on the gravity environment. Based on these two observations, data sets were
pooled together in two groups: spaceflight and ground controls (as seen in Figure 10) and
paired t-tests were conducted to compare their role in cell length and cell diameter. There
was a significant difference in cell length in spaceflight (M = 1.660 pm, SD = 0.288 um) and
ground controls (M = 2.353 um, SD = 0.603); (t(310) = -2.07, p = 0.0389). Similarly, there
was a significant difference in cell diameter in spaceflight M = 0.627 um, SD = 0.084 pum)
and ground controls (M = 0.809 pm, SD = 0.131); (¢(310) = -2.33, p = 0.0203). In other words,
there were reductions in cell length and diameter to 71% and 78% of their sizes on Earth,
respectively. The decrease in cell length and diameter translated into an average reduction
of cell surface area to 54% of its value on Earth (¢(310) = -2.53, p = 0.0119); maximum cross
section area was also reduced to 54% of that observed on the ground (¢(310) = -2.48, p =
0.0139); and cell volume was reduced to a 41% of the ground controls value (¢(310) = -2.35, p

=0.0196), as seen in Figure 11.
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Figure 10. Cell length vs. cell diameter. In space, cells grew to be only a 71% of the length of
the ground controls (¢(310) = -2.07, p = 0.0389) and 78% of their diameter (£(310) = -2.33, p =
0.0203).
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Figure 11. Cell size differences in between spaceflight and matched ground controls. The
decrease in cell length and diameter translated into an average reduction of cell surface
area to 54% of its value on Earth (¢(310) = -2.53, p = 0.0119). Maximum cross section area
was also reduced to 54% of that observed on the ground (¢(310) = -2.48, p = 0.0139) and cell
volume to 41% of the ground control value (¢(310) =-2.35, p = 0.0196).
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5.2.6 Cellular Envelope Thickness

Transport Electron Microscopy (TEM) images of AES-1 samples (as seen in Figure
12) are being taken at the University of Copenhagen to measure and analyze cell envelope
thickness changes. However, at the time of the defense of this thesis, not enough data had
been produced to make any conclusions (Figure 13). The preliminary data that is available
at this time suggests that there was an increase in cellular envelope thickness in space —
what is not clear yet, however, if this was due to the gravity environment or because of
antibiotic concentration. When all the data is produced, one-way and two-way ANOVA will
be conducted to assess cell envelope thickness changes as a function of drug type, drug
concentration and gravitational environment. The TEM images will also be used to

investigate if other visual changes in the cell envelope are present.

Figure 12. Transmission Electron Microscopy (TEM) images of E. coli. E. coli challenged
with 50 ug/mL of Gentamicin Sulfate on Earth (A) and another challenged with 175 pg/mL
of Gentamicin Sulfate in space (B). It cannot yet be elucidated if the differences observed
are due to the gravitational environment or because of drug concentration, but the fact that
there are differences is observable. Images taken with a Philips CM 100 TEM microscope
operated at an accelerating voltage of 80 kV and equipped with an OSIS Veleta digital slow
scan 2k x 2k CCD camera.
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Figure 13. Preliminary cell envelope thickness data. No appropriate statistical analysis was
possible at the time of publishing this thesis. However, data for the missing testing
conditions was being acquired at time of print.

5.3 CONCLUSIONS

No statistically significant difference was observed in cell population count at
experiment start or acceleration phase (n = 12), which suggests that cell concentration was
similar at the time of antibiotic introduction in the space and ground cultures. Although
this could also suggest that no changes occurred in lag phase duration, data from only one
point in time is insufficient to make such claim, as it is not determined when the
acceleration phase actually started. Spaceflight cell concentrations at the end of experiment
were always higher than their respective ground controls (13-fold increase in average), as
has been typically observed. Spaceflight samples with Gentamicin Sulfate concentrations of
125 pg/ml or higher exhibited cell aggregation to the point that the culture essentially
became a contiguous, single cluster. This behavior was not observed for the ground controls.
This phenomenon may be related to that of enhanced biofilm formation observed in space,
as described by Kim et al. (2013), and that reportedly can increase bacterial resistance to
antibiotics (Hall-Stoodley, Costerton, & Stoodley, 2004). There was an average reduction of

cell surface and cross section areas to 54% of their values on Earth, which in turn, can
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proportionally decrease the rate of antibiotic molecules reaching the bacterial cell surface.
The average spaceflight cell volume was also reduced to 41% its 1g value. On the other
hand, this spaceflight decrease in size translated into a 34% increase in cell diffusion rate
with respect to 1g. Work has been published on mathematical and computational models
describing the role of these gravity-driven phenomena around a cell (Benoit & Klaus, 2005;
Klaus et al., 2004, 1997), however, these models assumed that the cell size was the same on
Earth as in space. This phenomenon may be related, in part, to why a higher concentration
of antibiotics was needed in space to inhibit bacterial growth, as the antibiotic molecules —

driven mainly by Brownian motion (Klaus, 1994) — would have a smaller target.

5.4 DISCUSSION

The samples were fixed at completion of the experiments to avoid bacterial re-
adaption to gravity. Post-flight analysis showed no statistically significant difference in cell
count at experiment start or acceleration phase, suggesting that the ratio of antibiotic
molecules per bacterium remained similar between flight and ground controls.

Although minimal, some growth was observed on ground samples with Gentamicin
Sulfate concentrations of 25 pg/ml and above. This was likely due to a slight decrease in
drug efficacy since there was approximately one month between antibiotic solution
preparation and experiment start due to a series of unexpected launch delays. This also
caused the final cell count data produced from the samples challenged with Colistin Sulfate
to be inconclusive as the effective drug concentration at time of experiment start was
unknown and no statistically significant difference or trend were observed. It is believed
that this is because at these low concentrations, this drug is unstable at the pre-launch
storage temperature of 4°C. Potential changes to drug efficacy due to being in the space

environment are disregarded, as the experiment was in space only for two days prior to
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experiment start and chemical changes of pharmaceuticals in spaceflight are believed to be
a longer term phenomenon, as explained in (Du et al., 2011).

Cellular aggregation was observed on the spaceflight cultures challenged with the
highest concentrations of Gentamicin Sulfate, and cohesive growth was noted on the space
samples challenged with the highest intended Colistin Sulfate concentrations. The
formation of clumps through cellular aggregation have been reported on Salmonella
typhimurium flown to space, together with expression changes on the wca/wza, ompA and
fimH genes, which are associated with cell surface alterations related to biofilm formation
(Wilson et al., 2007). Clumping behavior was also previously observed to occur in E. coli
samples used in early space shuttle experiments conducted by BioServe (unpublished data).
This phenomenon may be related to that of enhanced biofilm formation observed in space,
as described by Kim et al. (2013), and that reportedly can increase bacterial resistance to
antibiotics (Hall-Stoodley et al., 2004). It is hypothesized that this aggregation may have
permitted the cells on the surface of the cluster to protect those in the core from antibiotic
exposure. However, this would have also hindered glucose from reaching the latter.
Nevertheless, cell aggregation at high antibiotic concentrations suggests that there may be
changes occurring to physical properties of the cellular envelope and should be further
investigated.

The decrease in cell length and diameter translated into an average reduction of cell
surface area to 54% of its value on Earth (#(310) = -2.53, p = 0.0119). Maximum cross
section area was also reduced to 54% of that observed on the ground (¢(310) = -2.48, p =
0.0139). Smaller cross section and cell surface areas proportionally reduce the rate of
antibiotic molecules reaching a bacterial cell.

In addition, in microgravity, Brownian motion governs the rate of contact, whereas

on Earth, gravity-driven phenomena — namely buoyancy and sedimentation — contribute to
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cell movement, as explained in Klaus (2004). Work has been published on mathematical
and computational models describing the role of these gravity-driven phenomena around a
cell (Benoit, 2005; Klaus et al., 2004, 1997), however, these models assumed that the cell

size was the same on Earth as in space.
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CHAPTER 6

GENE EXPRESSION CHANGES IN E. COLI CHALLENGED WITH GENTAMICIN

SULFATE IN SPACEFLIGHT

Gene expression observed on the spaceflight samples with respect to their matched
ground controls was analyzed in two distinct ways. One of them was the per-scenario
approach. Spaceflight samples challenged with a specific type and concentration of drug
were compared to the ground controls that were cultured under the same conditions. There
are three scenarios for the cases where E. coli was challenged with Gentamicin Sulfate: 25,
50 and 75 pg/mL, each one having their own set of up- and down-regulated genes. Because
the number of genes that were under or overexpressed is in the order of magnitude of the
thousands, the genes that were regulated by at least 10x were listed. The complete lists of
differentially expressed genes can be found in Appendix 5. The other approach for this
analysis 1s in a per-drug basis, where a single set of up- and down-regulated genes is
developed from the three spaceflight samples groups (25, 50 and 75 pg/mL). This set is not
the addition of the three individual sets, but a list of the overlapping genes over or
underexpressed among all three groups.

As seen in Figure 14, out of the 4,320 genes in this strain of E. coli, the spaceflight
samples challenged with 25 pg/mL showed no expression changes on 57% (2483) of the

genes, while this value was 49% and 91% for the sets with 50 pg/mL and 75 pg/mlL,
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respectively. Gene expression changes tended to down-regulation on the 25 pg/ml samples,

while it did to up-regulation on the two other sets.
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Figure 14. Number of genes down- and up-regulated in the spaceflight samples with respect
to matched ground controls.

6.1 METHODOLOGY

At the end of the experiment, about half of the AES-1 samples were fixed in RNA
Later II (Life Technologies, Cat No. B7024, Carlsbad, CA, USA) at a 0.6 fixative/sample v/v
ratio. After their return to Earth on SpaceX-4 (October 25, 2014), the samples were handed
over to HudsonAlpha (HA) for transcriptomic and genomic analyses. Gene expression was
assessed by HA via RNAseq performed on the Illumina HiSeq platform. Three of the four
replicates were analyzed and expression means were produced. Significant expression was
considered as anything larger than a | 2|-fold change with respect to its respective matched
ground control. HA provided me with lists of genes that were differentially expressed in a
per-scenario approach (of the 25 ug/mlL, 50 ug/mL, and 75 ug/mL Gentamicin Sulfate test
scenarios), as described above, for me to analyze and to elucidate the correlations between
the phenotypic and gene expression observations. Gene functions, as well as their related

molecular functions, biological processes, cellular components, predicted protein classes,
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and pathways were identified using the PANTHER (Protein ANalysis THrough
Evolutionary Relationships) Classification System from the Gene Ontology Reference
Genome Project (GORGP, 2015). At the time of defending this dissertation, data from the
samples challenged with Gentamicin Sulfate concentrations higher than 75 ug/mL or with
Colistin Sulfate were not yet available and therefore this analysis is limited to the samples

challenged with Gentamicin Sulfate.

6.2 PER-DRUG APPROACH

The 25 pg/mL samples showed an up-regulation on 207 genes and a down-regulation
on 1630. These values were 2172 and 12 for the 50 ug/mL set; and 333 and 38 on the 75
pg/mL samples (up-regulation and down-regulation, respectively). This translates to 2281
overexpressed and 1664 underexpressed individual genes throughout the all sets. An initial
step to analyze such a large database was to find the genes that were commonly
(overlapping) over or underexpressed. As seen in Figure 15, 28 genes were up-regulated in

the three groups, and only one gene was down-regulated throughout the three sets.
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Figure 15. (A) shows that, from the 2172 overexpressed genes in the 50 ug/mL set (yellow
bubble), 122 were also up-regulated in the 25 pg/mL group, 281 were in common with the
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75 pug/ml set, and only 28 were overexpressed in all three groups. A similar analysis is
shown in (B); only 1 gene was commonly down-regulated among all three groups.

Table 4 lists the 28 genes that were commonly up-regulated. This list includes four
opp genes (B,C,D, and F), which synthesize proteins related with oligopeptide transport
into the cell; E. coli utilizes oligopeptides as a source of carbon and energy (Andrews &
Short, 1985). It has been reported that a reduction in oppA expression confers E. coli with
resistance to several aminoglycosides (Gentamicin Sulfate is an aminoglycoside), as it
behaves as a carrier for the antibiotic (Acosta, Ferreira, Padilla, Ferreira, & Costa, 2000).
Interestingly, oppA was overexpressed in the 50 pg/mL (5.87x), 75 ug/mL (2.81x) sets, and
not differentially expressed in the 25 pg/mL group. Table 4 also lists the sucABCD genes as
being upregulated in the spaceflight samples in between 2.05x and 4.39x. These genes are
related with processes involving succinyl-Co-A, a combination of succinic acid and coenzyme
A. It has been reported that Suc™ phenotypes of E. coli have cross-resistance to
aminoglycosides (Collis & Grigg, 1989). Again, in this case, these genes were overexpressed.
Five thi genes (E, F, G, H, and S) were not only up-regulated but were also the ones that
were increased the most from the list of 28 (in between 24.88x and 32.41x). These genes are
associated with catalytic activity, and several metabolic processes, but no correlation has
yet been found with the observed phenotypic changes on the spaceflight samples. The malE
gene plays a role in the transport of maltose and other substrates across cellular

membranes and is further discussed in context in section 6.3.2.
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Table 4. List of overlapping up-regulated genes throughout all three groups, their
respective functions and the value of its overexpression in space with respect to matched
ground controls.

Gene Function 25 50 75
name pg/mL | pg/mL | pg/mL
malE Maltose-binding periplasmic protein 2.81 43.8 24.09
thiS Sulfur carrier protein 3 32.41 3.97
thiG Thiazole synthase 2.34 30.48 5.32
thiF Sulfur carrier protein ThiS adenylyltransferase 3 28.87 4.93
thik Thiamine-phosphate synthase 2.84 28.59 4.29
thiH 2-iminoacetate synthase 2.37 24.88 5.06
yiaG Uncharacterized HTH-type transcriptional regulator 11.34 8.45 2.94
yea® UPF0410 protein 7.04 6.26 2.83
bfr Bacterioferritin 3.8 8.19 2.93
ykgC Probable pyridine nucleotide-disulfide oxidoreductase 2.55 8.13 4.02
yjbE Uncharacterized protein 2.95 5.62 4.23
oppF Oligopeptide transport ATP-binding protein 4.08 4.77 2.73
oppD Oligopeptide transport ATP-binding protein 4.36 4.27 2.6
adhE | Aldehyde-alcohol dehydrogenase 2.61 5.73 2.61
sucD Succinyl-CoA ligase [ADP-forming] subunit alpha 4.22 4.39 2.29
yeaG Uncharacterized protein 3.44 4.73 2.69
gltA Citrate synthase 2.35 4.64 3.38
ydiZ Uncharacterized protein 2.42 4.58 3.11
yehE Uncharacterized protein 3.06 3.25 3.79
oppB Oligopeptide transport system permease protein 2.67 4.68 2.63
oppC Oligopeptide transport system permease protein 3 4.3 2.52
sucC Succinyl-CoA ligase [ADP-forming] subunit 3.33 4.16 2.22
sucB Dihydrolipoyllysine-residue succinyltransferase component of 391 36 2.05
2-oxoglutarate dehydrogenase complex
yciF Protein YciF 2.91 3.37 3
fimZ Fimbriae Z protein 2.53 4.38 2.07
sucA 2-oxoglutarate dehydrogenase E1 component 2.7 4.07 2.11
agp Glucose-1-phosphatase 2.92 3.42 2.17
tauB Taurine import ATP-binding protein 2.06 2.43 2.45

Only one gene, cusF, was found to be commonly under-expressed throughout all the
three test sets, as seen in Table 5. This gene synthesizes the cusF protein, which is related
with a cation efflux system. Although no correlations have been found so far, more in-depth
research is needed to elucidate if there is a correlation between this process and the

phenotypic observations made on the spaceflight samples.
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Table 5. List of overlapping down-regulated genes throughout all three groups, their
respective functions and the value of its overexpression in space with respect to matched
ground controls.

. Fold
Gene name Function % 50 7
pg/mL | pg/mL | pg/mlL
cusF_1 Cation efflux system protein CusF -2.13 | -3.75 -2.76

The 29 differentially expressed genes were analzyed as a group using the PANTHER
(Protein ANalysis THrough Evolutionary Relationships) Classification System. The protein
classes synthesized by 20 of the 29 genes were identified and about half of them were
related with transporters and transferases (see Figure 16). Eleven out of the fifteen
identified molecular functions were associated with catalytic activity in general, while three
of them were with transporter activity. More than half (11 out of 20) of the biological
processes impacted by the differential gene expression were correlated with metabolism.
Only two cellular component groups were identified as affected: “cell part”, and
“membrane”, i.e. no changes were predicted on macromolecular complexes, extracellular
region, or organelles, for example. The pathway impacted the most from this set of genes

was the TCA (cytrate) cycle.
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Figure 16. An analysis of the 29 commonly differentiated genes throughout the test groups
allow to see the distribution of the proteins they synthesize (A), their molecular functions
(B), biological processes (C), cellular components (D), and related pathways (E).

6.3 PER-SCENARIO APPROACH

6.3.1 Twenty-five pg/mL

The samples challenged with the lowest concentration of Gentamicin Sulfate (25
png/mL) showed a down-regulation of 1630 genes (38% of the total), the up-regulation of 207
genes (5%), while 2483 were non-differentially expressed (57%). From the 207
overexpressed genes, ten did so in an increase larger than 10x (see Table 6). Although

several of them are still uncharacterized, the function of most of them has been identified;
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for example, gadE (20.62x) is associated with acid resistance and is analyzed in more detail
in section 6.7. The wrbA gene (22.71x) synthesizes the WrbA flavoprotein, which is believed
to have a role in oxidative stress defense and/or cell signaling (Kishko et al., 2012) and is
also acid-induced (Tucker, Tucker, & Conway, 2002). A more throughout analysis of this
gene, and the potential role of oxidative stress, is presented in section 6.6; it is also
discussed in section 6.7. Similarly, the overexpression of gene yccd, another acid-induced
gene, is analyzed in section 6.7. The ecnA gene (-34.31x), the antidote to the ecnB toxin gene
(15.7x), was the single most underexpressed gene in this set. ecnAB is an antidote/toxin
gene pair (also known as addiction molecules) that control apoptosis, or programmed cell

death during starvation conditions.

Table 6. List of genes overexpressed at least by a 10-fold in the 25 ug/mL samples.

Gene Function Fold
name

yeed Uncharacterized protein 26.63
wrbA Flavoprotein 22.71
gadE Transcriptional regulator 20.62
yegP UPF0339 protein 17.92
yhcO Uncharacterized protein 17.25
ecnB Entericidin B 15.7
hyaC Probable Ni/Fe-hydrogenase 1 B-type cytochrome subunit 13.65
hlyE Hemolysin E, chromosomal 13.12
hyaD Hydrogenase 1 maturation protease 12.2
yiaG Uncharacterized HTH-type transcriptional regulator 11.34

From the 1630 underexpressed genes, 41 did so in a decrease smaller than -10x.
Such a long list defeats the purpose of this synthesis, but the complete list of
underexpressed genes can be found in Appendix 5. In spite of the large number (1837) of
differentially expressed genes, they were assessed as a single group to characterize their
role on the bacterial processes, as seen in Figure 17. It is noteworthy that 538 out of the 949
(34%) genes i1dentified to affect molecular functions were associated with catalytic activity;

and 661 out of 980 (67%) of those determined to impact biological processes were with
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metabolic processes. Five different cellular components are predicted to be affected by the
205 genes that have been previously characterized: membrane (74), macromolecular

complex (9), extracellular region (4), organelle (1), and cell parts (117).
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Figure 17. Distribution of the proteins synthesized (A) by all the differentially expressed
genes in the 25 pg/mL group, their molecular functions (B), biological processes (C), cellular
components (D), and related pathways (E).

6.3.2 Fifty pg/mL

The samples challenged with 50 pg/mL of Gentamicin Sulfate showed down-
regulation on only 12 genes (0.3% of the total), up-regulation on 2172 genes (50%), while
2136 were non-differentially expressed. From the 2172 overexpressed genes, 35 did so in an

increase larger than 10x (see Table 7). From these 35, the increase in the structural genes
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of the trp operon (A, B, C, D, and E) is noticeable because it is five related genes, and
because they are the five that incremented in expression the most (in between 45.61x and
69.11x). Through tryptophan synthesis, the biological process associated to trpA is cellular
amino acid biosynthesis and the subsequent formation of amino acids and organic acids;
trpB catalyzes the formation of tryptophan from indole and serine; trpD synthesizes a
glycosyltransferase, an enzyme that catalyzes the transfer of sugar from a donor (sugar
nucleotide derivative) to an amino acid acceptor (GORGP, 2015). In general, the ¢rp operon
is regulated by the presence of tryptophan in the environment through a negative feedback
loop (Bertrand, Squires, & Yanofsky, 1976). This suggests that there was a decrease in
environmental tryptophan for the frp operon to be so overexpressed (up to 69.11x).

Another group of genes that was overexpressed in the 50 ug/mL samples were the
gadABC and gadE genes, which, as mentioned before, are discussed in section 6.7.
Additionally, an up-regulation of the hdeA, B and E genes was observed, which is analyzed
in section 6.7. The malE and malK genes were up-regulated 43.8x and 22.39x, respectively.
The malE gene codes the MalE protein, which transports maltose through inner cell
membrane; however, it is essential for the transport of all substrates of the system (Ferenci,
1980). The malK gene synthesizes an oligopeptide permease protein, which, similarly to
malE and the opp genes, transports substrates across cellular membranes (GORGP, 2015).
The 50 pg/mL samples also showed an up-regulation of several thi genes (C, E, F, G, H, and
S) in between 24.67x and 32.41x. The first five are the structural genes for Thiamine
biosynthetic enzymes while the latter is a sulfur donor in that process (van der Horn,
Backstrom, Stewart, & Begley, 1993); thiamine is needed for carbohydrate metabolism
(Leonardi & Roach, 2004). None of the 12 down-regulated genes was reduced by a factor

smaller than -10x.
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Gene Function Fold
name
trpA Tryptophan synthase alpha chain 69.11
trpD Anthranilate synthase component II 60.78
trpB Tryptophan synthase beta chain 53.43
trpE Anthranilate synthase component 1 46.74
trpC Tryptophan biosynthesis protein TrpCF 45.61
malE Maltose-binding periplasmic protein 43.8
thiS Sulfur carrier protein ThiS 32.41
thiG Thiazole synthase 30.48
hdeB Acid stress chaperone HdeB 29.08
thiF' Sulfur carrier protein ThiS adenylyltransferase 28.87
thik Thiamine-phosphate synthase 28.59
hdeA Acid stress chaperone HdeA 28.09
gadB Glutamate decarboxylase beta 25.6
thiH 2-iminoacetate synthase 24.88
thiC Phosphomethylpyrimidine synthase 24.67
lamB Maltoporin 23.63
gadE Transcriptional regulator GadE 23.04
malK Maltose/maltodextrin import ATP-binding protein MalK 22.39
yhjX Uncharacterized MFS-type transporter YhjX 21.96
yhiD Uncharacterized protein YhiD 19.57
gadA Glutamate decarboxylase alpha 17.49
entC_1 Uncharacterized 15.22
entC_2 Uncharacterized 14.94
hdeD Protein HdeD 14.86
yjgl Uncharacterized oxidoreductase Yjgl 14.85
entS_2 Uncharacterized 14.44
entS_1 Uncharacterized 13.82
flgB Flagellar basal body rod protein FlgB 13.03
fes_2 Uncharacterized 12.27
yqel Uncharacterized protein Yqel 11.39
fepA_2 Uncharacterized 11.29
gadC Probable glutamate/gamma-aminobutyrate antiporter 11.11
metA Homoserine O-succinyltransferase 10.5

Analyzing the 2184 differentially expressed genes together permits to clarify which

processes were impacted the most (Figure 18). A protein class could be predicted for 1331 of

the genes, of which 231 (17%) were transferases and 189 (14%) were oxidoreductases. From

the 1115 genes that could be associated to a molecular function, 688 (62%) conducted

catalytic activities and 813 out of 1196 (68%) were involved with metabolic processes.
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Figure 18. Distribution of the proteins synthesized (A) by all the differentially expressed
genes in the 50 pg/mL group, their molecular functions (B), biological processes (C), cellular
components (D), and related pathways (E).

6.3.3 Seventy-five ng/mL

The samples challenged with 75 pg/mL of Gentamicin Sulfate showed a down-
regulation of 38 genes (1% of the total), the up-regulation of 333 genes (8%), while 3949
were non-differentially expressed (91%). From the 333 overexpressed genes, 12 did so in an
increase larger than 10x (see Table 8). The trp and mal genes have been previously
discussed. The “infinity-fold” overexpression of flxA, ybcV, and racC genes is an artifact of
the ground controls’ expression values being virtually zero; however, the spaceflight values

do not elicit a more thorough investigation of these genes. Only one of the 38 down-
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regulated genes was reduced by a factor smaller than -10x: ygel (-11.76x), which

synthesizes a yet uncharacterized protein (GORGP, 2015).

Table 8. List of genes overexpressed at least by a 10-fold in the 75 ug/mL samples.

Gene name Function Fold
flxA Protein FlxA 0
racC Protein RacC ©

ybcV_2 Uncharacterized 0
malK Maltose/maltodextrin import ATP-binding protein MalK 24.28
malE Maltose-binding periplasmic protein 24.09
lamB Maltoporin 22.7
trpE Anthranilate synthase component 1 22.29
trpD Anthranilate synthase component II 19.45
ykgO Uncharacterized 14.83
trpC Tryptophan biosynthesis protein TrpCF 14.06
trpB Tryptophan synthase beta chain 13.16
trpA Tryptophan synthase alpha chain 12.46

From the 371 differentially expressed genes in the 75 pg/mL samples, most of the
predicted proteins were oxidoreductases (51 out of 245, or 21%) and transferases (17%).
Regarding molecular function, almost two thirds (136 out of 208, or 65%) of the
characterized genes were associated with catalytic activity, and a similar percentage was
with metabolic processes (147 out of 232, or 63%), in terms of their biological function

(Figure 19).
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Figure 19. Distribution of the proteins synthesized (A) by all the differentially expressed
genes in the 75 pg/mL group, their molecular functions (B), biological processes (C), cellular
components (D), and related pathways (E).

6.4 LINEAR ANALYSIS

A linear analysis was conducted to assess the role of Gentamicin Sulfate
concentration on different molecular processes. To achieve this, all of the differentially
expressed genes (up- and down-regulated) in each of the three sets (25, 50 and 75 pg/mL)
were characterized, and then compared against each other in each individual field. Figure
20 shows the predicted impacted proteins from the differentially expressed genes (A) and

their molecular functions (B).
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Figure 20. Predicted impacted proteins from the differentially expressed genes (A) and their
molecular functions (B). A decrease in synthesis as drug concentration was increased was
observed on hydrolases, and nucleic acid binding proteins, while the opposite was true for
oxidoreductases. In terms of molecular functions, an increase-trend was observed on
catalytic activity, a decrease was noted in binding, and no changes are noticeable in
transporter activity, nucleic acid binding transcription factor activity, or structural
molecule activity.

As seen in Figure 21, the increase in extracellular region may be related with the
cell aggregation observed on the highest concentrations of Gentamicin Sulfate on the
spaceflight samples. The investigated differential gene expression had virtually no impact
on the cellular organelles, as only one gene out of 205, and one in 237 were associated with

them in the 25 pg/mL and 50 pg/mL groups, respectively.
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Figure 21. Impacted cellular components (C) and Dbiological processes (D) from the
differentially expressed genes. Regarding cellular components, no trends were observed in
cell part, membrane, macromolecular complex, or organelles. An increase in extracellular
region was observed. In terms of impacted biological processes, no trends were noted as a
function of drug concentration, including on response to stimulus.

Out of 68 impacted pathways by the differential gene expression, Figure 22 shows
the 10 most affected. Only three of these pathways show trends that suggest a correlation
with Gentamicin Sulfate concentration: an increase in chorismate biosynthesis and in de
novo pyrmidine ribonucleotides biosynthesis, and a decrease in folate biosynthesis. The
increase in chorismate is likely due to the under-expression of the aro genes in the 25
ng/mL samples, while they increasingly overexpressed in the 50 and 75 pg/mL groups; the
same phenomenon, but with the pyr and car genes, explains the trend in de novo pyrmidine
ribonucleotides biosynthesis. The main driver behind the changes in folate biosynthesis is

the folE gene’s expression.
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Figure 22. Impacted pathways by the differential gene expression. No trends were observed
as a function of drug concentration on de novo purine biosynthesis, N-acetylglucosamine
metabolism, or in tryptophan or tyrosine biosynthesis. An increase was noted in chorismate
biosynthesis and de novo pyrmidine ribonucleotides biosynthesis. There was a decrease in
folate biosynthesis.

6.5 GENES ASSOCIATED WITH RESISTANCE TO AMINOGLYCOSIDES

A literature survey was conducted to assemble a list of genes that have been
associated with resistance to aminoglycosides; Table 9 describes them and their respective
fold in/decrease in the AES-1 samples. From the 31 genes identified, only six were observed
to be differentially expressed in the spaceflight samples, three being up-regulated and the
other three showing both up- and down-regulation. The only gene showing some kind of
trend is OppA, which was up-regulated in two of the three scenarios. However, OppA has
been associated with resistance to aminoglycosides when it is underexpressed, as it assists

in the transport of the molecule through the cellular membrane (Acosta et al., 2000).



Table 9. List of genes associated with resistance to aminoglycoside antibiotics.

Gene Function 25 50 75 Reference on
name pg/mL | pg/mL | pg/mL resistance
aaD2 Uncharacterized - - - (Magnet & Blanchard, 2005)
AcrA Acriflavine resistance protein A -2.22 2.09 - (Elkins & Nikaido, 2002)
AcrB Acriflavine resistance protein B -2.03 2.15 - (Magnet & Blanchard, 2005)
. . (Magnet & Blanchard, 2005)
AcrD Probable aminoglycoside efflux pump - - - (Elkins & Nikaido, 2002)
adeB Uncharacterized - - - (Magnet & Blanchard, 2005)
adeRS | Uncharacterized - - - (Magnet & Blanchard, 2005)
amrR69 | Uncharacterized - - - (Magnet & Blanchard, 2005)
(Tl:)orl?ja.rnarda'ttir,
ecfB Uncharacterized - - - Igagir;?sgoﬁg}igsiiti;%
emrR Uncharacterized - - - (Xiong et al., 2000)
GmrA Uncharacterized - - - (Magnet & Blanchard, 2005)
kanA Uncharacterized - - - (Thorbjarnardéttir et al., 1978)
KgmB Uncharacterized - - - (Magnet & Blanchard, 2005)
KsgA Uncharacterized - 2.42 - (OFarrell S;SSZ? ale, & Rt
ksgC Uncharacterized - - - (Y()bh%{:rmao}f;;;? e
Mar Uncharacterized - - - (May, Tto, & Okabe, 2009)
MdfA Multidrug transporter MdfA - - - (Magnet & Blanchard, 2005)
mexZ Uncharacterized - - - (Magnet & Blanchard, 2005)
(Mox{ozov, Nosova, Bike_tov,
nfr Uncharacterized - - - Vatiaer. &1555 aradelds
Periplasmic oligopeptide-binding
OppA protein - 5.87 2.81 (Acosta et al., 2000)
N5-carboxyaminoimidazole
purE ribonucleotide mutase -2.19 4.77 - (Yoshikawa et al., 1975)
rpsL 30S ribosomal protein S12 - - - (Gill & Amyes, 2004)
. (De Wilde, Cabezén, Villarroel,
rpxE Uncharacterized - - - Herzog, & Bollen, 1975)
rpxL Uncharacterized - - - (De Wilde et al., 1975)
. . (Delcuve, Cabezon, Herzog,
sir Uncharacterized - - - Cannon, & Bollen, 1978)
Sox Uncharacterized - - - (May et al., 2009)
strA Uncharacterized - - - (Delcuve et al.. 1978)
Suc Uncharacterized - - - (Collis & Grigg, 1989)
TolC Outer membrane protein TolC - 3.96 - (May et al., 2009)
unc Uncharacterized - - - (Thorbjarnardéttir et al., 1978)
Yhc@ Uncharacterized - - - (May et al., 2009)
yig@QR | Uncharacterized - - - (Macnﬁgaiilgsofésgde’ ¢

6.6 GENES ASSOCIATED WITH OXIDATIVE STRESS
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A list of 48 E. coli genes associated with defense from oxidative stress was acquired

from (Farr & Kogoma, 1991) and presented in Table 10. The samples challenged with 25

pg/mL showed an up-regulation in six genes and a down-regulation in 9 genes. While only



86

one gene was overexpressed (and none were underexpressed) in the 75 ug/mL group, 27

were up-regulated and none were down-regulated in the 50 ug/mL set. The wrbA gene

outstands for its high-fold expression increase and because it was overexpressed in two

different drug concentration scenarios.

Table 10. List of genes associated with oxidative stress and their fold in/decrease.

Gene 25 pg/ml; | 50 pg/ml. | 75 pg/mlL Gene 25 pg/ml: | 50 pg/mL | 75 pg/mL
ahpC - - - nth - - -
ahpF - ompF - 9.84 5.47
apaH - 2.15 oxyR -3.41 2.18
appA 9.46 4.23 oxyS - -
arcA -2.58 - polA 3.47
dam -2.71 2.57 polC
dnaK 7.57 3.25 recA -
gor - 2.44 recB -2.45
grok - - recC -5.61
groL 5.22 3.42 rimK
groS 4.62 3.44 rpoH -
grx - sodA 5.47
gshA 2.43 sodB 3.13
gyrB - sol -
katE 2.43 s0x -
katF' - topA 2.58
katG 3.55 trxA - 3.22
ksgA 2.42 trxB -3.06 2.77
micF - - uvrA - -
mutM 3.89 2.35 uvrB - -
murA - uvrC -2.55 2.61
ndh - 5.65 wrbA 22.71 7.66
nfo -3 2.77 xthA -4.25 2.33
nrdB 2.25 zwf - 2.9

6.7 GENES ASSOCIATED WITH ACID RESISTANCE

Weber et al. (2005) presented a list of eleven o°-regulated genes associated with acid

resistance, nine of which were overexpressed (in between 2.01x and 29.08x) and none was

under-expressed in the AES-1 samples, as seen in Table 11. It is noteworthy that, again,

only one gene was overexpressed in the 75 ug/mL group. Nevertheless, up-regulation can be

seen on all the interrogated genes except two (hdeD and yhiU) in the two other scenarios.
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Table 11. List of 05-regulated genes associated with acid resistance and their fold increase.

Gene 25 50 75
pg/mL | pg/mL | pg/mlL
gadA 7.82 11.11 -
gadB 5.75 23.04 -
gadC 8.96 5.69 -
gadE 20.62 5.82 -
gadW 6.04 28.09 -
gadX 7.21 29.08 -
hdeA 4.49 14.86 2.01
hdeB 4.78 9.52 -
hdeD - - -
slp 9.84 -
yhiU -

A comprehensive list of genes associated with acid resistance, regardless of the

regulator, was reported in (Tucker et al., 2002), from which 24 other genes were identified,

and listed on Table 12. From the 24 genes, 15 were overexpressed in the AES-1 samples.

One of them, yccJ was the gene overexpressed the most (26.63x) in the 25 pg/mL samples.

Only one gene was underexpressed (in the 25 pg/mL group); however, it was overexpressed

in the 50 pg/mL scenario.

Table 12. List of non-o°-regulated genes associated with acid resistance and their fold

in/decrease.

Gene 25 pg/ml; | 50 pg/ml. | 75 pg/ml Gene 25 pg/ml: | 50 pg/mL | 75 pg/mL
asr - 9.75 - ydiZ 2.42 4.58 3.11
cbpA 2.55 3.7 yea® 7.04 6.26 2.83
cfa - - yebV 3.71

dps 4.78 3.6 yfbE -

ompC -2.21 2.8 yfoF

osmY - 3.23 ygfR

wrbA 22.71 7.66 yhiE - -

yahO - - yhiF 4.1 6.29

ybaS 6.95 2.62 yhiM 6.89 6.94

ybaT 3.74 - yhiW - - -

yeaC 6.37 5.92 yiaG 11.34 8.45 2.94
yeeed 26.63 7.22 yifC
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Table 11 and Table 12 show that, from a total of 35 genes associated with acid
resistance, 24 were up-regulated (in between 2.01x and 29.08x). This data suggest that the

cells indeed were under acidic stress.

6.8 SUMMARY

The per-drug analysis showed that 28 genes were commonly up-regulated
throughout all three test sets. These genes include the mal operon, which transports
maltose and other substrates across cellular membranes; and the thi genes, which were the
highest up-regulated genes in this set and which are involved with catalytic activity and
several metabolic processes. The list of 28 genes also includes several from the opp group,
which transport oligopeptides (sources of carbon) but also aminoglycosides into the cell.
Several suc genes were also overexpressed among all the three assessed test scenarios (25,
50 and 75 pg/mL); they are involved with succinyl-Co-A processes, and Suc” phenotypes of
E. coli have shown cross-resistance to aminoglycosides. Only one gene, cusF, associated
with cation efflux system, was found to be commonly under-expressed throughout all the
three test sets.

The per-scenario approach allowed for an analysis to be conducted individually for
the three drug concentration data sets. The 25 pg/mL samples showed an up-regulation of
the gadE and yccd genes, both associated with conferring E. coli with acid resistance. The
ecnA gene, the antidote to the ecnB toxin gene, was the single most underexpressed gene in
this set; ecnAB is an antidote/toxin gene pair (also known as addiction molecules) that
control apoptosis, or programmed cell death during starvation conditions. The wrbA gene,
believed to have a role in oxidative stress defense and/or cell signaling (and which is also
acid-induced), was up-regulated. The 50 pg/mL samples showed an up-regulation on the

whole trp operon, which is associated with the formation of amino acids and organic acids —
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the trp were the five genes that incremented in expression the most. Overexpression of the
gadABC and E genes, and of hdeA, and B, all associated with acid resistance, was noted.
Another set of genes that were up-regulated in this group were malE and malK, which are
involved in the transport of all substrates through the inner cell membrane. The thi genes,
associated with thiamine biosynthetic enzymes needed for carbohydrate metabolism, were
overexpressed. None of the 12 down-regulated genes was reduced by a factor smaller than -
5x. The 75 ng/mL samples exhibited overexpression of the trp and mal genes, previously
discussed.

A literature survey was conducted to assemble a list of 31 genes that have been
associated with resistance to aminoglycosides, from which only six were differentially
expressed and only one was overexpressed in more than one of the three antibiotic
concentration scenarios. This was the oppA gene, which permits bacteria to resist
aminoglycosides when it is underexpressed, the opposite of what was observed on the
spaceflight samples.

A similar analysis took place where the overexpressed genes in the AES-1
spaceflight samples were checked against a list of 48 genes associated with oxidative stress
responses. The 25 ng/mL samples showed an up-regulation in six and a down-regulation in
nine; while only one gene was overexpressed (and none were underexpressed) in the 75
pug/mL group, However, 27 were up-regulated and none were down-regulated in the 50
pug/mL set.

Finally, another review indicated that there are 35 genes associated with acid
resistance in E. coli, from which 24 were up-regulated (in between 2.01x and 29.08x) in the

AES-1 spaceflight samples.
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6.9 DISCUSSION

Table 13 associates the individual results of the preliminary gene expression
analysis with observations relevant to the AES-1 experiment, and categorizes them in four
groups: acid response, lysis, metabolism, and transport.
Table 13. AES-1 differentially expressed genes of special interest and their fold in/decrease.

Genes with a white background are associated with acid response; those in a light brown
background are associated with lysis; in light blue with metabolic processes, and in

with trans-membrane transport.

Gene 25 pg/ml; | 50 pg/ml. | 75 pg/ml Gene 25 pg/mL. | 50 pg/mL | 75 pg/mL
asr - 9.75 - yhiW - - -
cbpA 2.55 3.7 yiaG 11.34 8.45 2.94

cfa - - yifC -

dps 4.78 3.6 ecnA -34.31 -
gadA 7.82 17.49 ecnB 15.7 3
gadB 5.75 25.6 aceE - 3.42
gadC 8.96 11.11 aceF 3.57
gadE 20.62 23.04 Ipd 2.91
gadW 6.04 5.69 pfl - -
gadX 7.21 5.82 poxB 4.7 3.48 -
hdeA 4.49 28.09 sucA 2.7 4.07 2.11
hdeB 4.78 29.08 - sucB 3.91 3.6 2.05
hdeD - 14.86 2.01 sucC 3.33 4.16 2.22
hdeE - - sucD 4.22 4.39 2.29
ompC -2.21 2.8 thiE 2.84 28.59 4.29
osmY - 3.23 thiF 3 28.87 4.93

slp 9.84 9.52 thiG 2.34 30.48 5.32
wrbA 22.71 7.66 thiH 2.37 24.88 5.06
yahO - - thiS 3 32.41 3.97
ybaS 6.95 2.62 trpA 69.11 12.46
ybaT 3.74 - trpB 53.43 13.16
ycaC 6.37 5.92 trpC 45.61 14.06
yeed 26.63 7.22 - trpD 60.78 19.45
ydiZ 2.42 4.58 3.11 trpE 46.74 22.29
yea® 7.04 6.26 2.83 - - -
yebV - 3.71 - 2.81 43.8 24.09
yfbE 22.39 24.28
yfoF - 5.87 2.81
ygfR 2.67 4.68 2.63
yhiE - - 3 4.3 2.52
yhiF 4.1 6.29 4.36 4.27 2.6
yhiM 6.89 6.94 4.08 4.77 2.73
yhiU - - - - -
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6.9.1 Resistance to Aminoglycosides

From the 31 genes know to confer E. coli with resistance to aminoglycosides (e.g.
Gentamicin Sulfate), only six were differentially expressed in space. From this list, the
oppA gene was the only up-regulated gene in more than one of the three AES-1 samples
sets. However, this resistance is conferred to E. coli when the gene is underexpressed, as
this gene transports the antibiotic into the cell, but it was overexpressed in the spaceflight
cultures, enabling more antibiotic molecules to permeate through the cellular membrane.
The results of the gene expression analysis suggest that the currently known
resistance mechanisms against E. coli were not systematically activated. This
might be an indication that, if E. coli became more resistant to Gentamicin Sulfate in space,
it did so via a mechanism not yet characterized. However, it is argued that for a novel
mechanism to be activated, the cell would have needed to be challenged with a
concentration of antibiotic that would have likely up-regulated some of the genes already
known to help E. coli resist the drug. Because this up-regulation was not observed, this
data suggests that drug molecules may have reached the cell at a lower rate, thus

eliciting increased bacterial growth with respect to the ground controls.

6.9.2 Acid Response

The gene expression analysis conducted on these AES-1 samples shows that, from the 35
genes known to be induced by acid conditions, 24 were overexpressed in the spaceflight
cultures. This indicates that there was an increase in acidity in the (intra- and/or
extra-) cellular environment. Tucker et al. (2002) characterized 26 acid-induced genes
and concluded that 13 of them were up-regulated by acetate: (cfa, dps, gadA, gadB, hdeA,
hdeB, hdeD, ompC, osmY, slp, yccd, yea@Q, and yhiX). Ten of these genes were overexpressed

in the AES-1 spaceflight samples, suggesting that the increase in acidity may have
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been in part due to a rise in acetate concentration in and/or around the cell. The

acetate connection is investigated further in the Metabolism paragraph.

6.9.3 Role of the rpoS gene and ¢°

The rpoS gene encodes the sigma factor 0° (RpoS protein) when the cell is under
environmental stress to regulate the transcription of 156 genes that may permit the
bacteria to survive (Weber, Polen, Heuveling, Wendisch, & Hengge, 2005). Although o7 is
the master regulator of the general stress response in E. coli (Weber et al., 2005), no trends
were observed on the spaceflight samples in terms of rpoS differential expression. An
underexpression (-3.48x) was observed in the 25 pg/mlL samples and no changes were
present in the two other sets. Nevertheless, of eleven o°-regulated acid response-related
genes, nine were up-regulated in the spaceflight samples. However, it was reported that
these genes’ dependence on RpoS is reduced or even abolished under acid stress conditions
(Weber et al.,, 2005). The gene expression data indicates that there was no
overexpression of the rpoS gene, which is usually activated by environmental
stress. An analysis of the complete gene expression data set, and of the 156 genes

regulated by RpoS, will be needed to arrive to conclusive results.

6.9.4 Apoptosis

The ecnAB is an antidote/toxin gene pair that was differentially expressed in the
spaceflight samples. The toxin gene ecnB was up-regulated in two of the three sets
(between 3.00x and 15.70x) while the antidote gene ecnA was down-regulated (-34.31x) in
the first group. The ecnAB gene pair is encoded by the enterocidin locus, a chromosomal
bacteriolytic module of E. coli that is regulated by osmotic signals during starvation at

stationary phase, and programs the cell to die, likely to provide nutrients to remaining
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healthy cells in the population (Bishop, Leskiw, Hodges, Kay, & Weiner, 1998). This
indicates that there likely were 1) osmolarity differences, and 2) an increased
starvation condition in the spaceflight samples with respect to their matched
ground controls. It is of interest that, although the enterocidin locus is regulated by
RpoS, no systematic overexpression of the rpoS gene was observed. This might indicate that
exposure to spaceflight may have exposed a novel regulator of the ecnAB suicide genes.
Currently, these genes cannot be artificially up-regulated to cause bacterial cells to die via
RpoS because this protein also up-regulates several stress-response mechanisms (Weber et
al., 2005). However, if cultures grown in space could show a novel regulation
mechanism of the enterocidin locus, this could be exploited to kill drug-resistant

bacteria on Earth.

6.9.5 Oxidative Stress

The conflicting results between the 25 pg/ml (where six genes were up-regulated
and nine were down-regulated), 50 pug/mL (where 27 genes were up-regulated), and 75
ug/mL (where only one gene was overexpressed), out of 48 genes associated with oxidative
stress response, sets makes it difficult to arrive to a conclusion in terms of potential
oxidative stress in the spaceflight samples. Seven genes were overexpressed in two
drug concentration sets, from which wrbA outstands for the high fold of its up-regulation
(22.71x and 7.66x). This gene synthesizes the WrbA flavoprotein, which is believed to have
a role in oxidative stress defense and/or cell signaling (Kishko et al., 2012). The oxyR gene,
associated with peroxide stress response in E. coli and Salmonella typhimurium, was down-
regulated in the 25 ug/mL samples (-3.41x), up-regulated in the 50 pg/mL samples (2.18x),

and non-differentially expressed in the 75 ug/mL group. The overexpression of oxyR in
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only one of the three sets (and at a low fold) suggests that, if the cells were under

oxidative stress, this was likely not coming from peroxide molecules.

6.9.6 Metabolism

To investigate the potential acetate connection further, the genes related with
acetate production were interrogated. Three enzymes convert pyruvate to acetyl
compounds: pyruvate oxidase PoxB (poxB), pyruvate dehydrogenase PDH (aceEF and Ipd),
and pyruvate formate lyase Pfl (pfl), where the encoding gene is in parenthesis (Chang,
Wang, & Cronan, 1994); as seen in Table 13, all of these genes were up-regulated in the
AES-1 spaceflight samples. When conducting a similar assessment on the other potential
metabolic byproducts, it was noted that virtually all of the genes characterized as involved
in these metabolic pathways were overexpressed in the spaceflight samples (Figure 23).
This suggests that overall metabolic activity was stimulated in space, which
could be involved with the observed increase in bacterial proliferation in

microgravity.
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Figure 23. E. coli metabolic pathways, compiled from (Liu & Jarboe, 2012) and (Chang et
al., 1994). Most of the genes associated with these metabolic pathways were overexpressed
in the spaceflight samples with respect to the ground controls.

The up-regulation of the ¢rp operon, which is associated with the formation of amino
acids and organic acids, may be related with the processes shown in Figure 23 although a
clear correlation has not yet been found. In general, the trp operon is regulated by the
presence of tryptophan in the environment through a negative feedback loop, which
suggests that there was a decrease in environmental tryptophan for the ¢rp operon to be so
overexpressed (up to 69.11x). The malE gene was also up-regulated in all three sets;
however, the encoding of the MalE protein is under a positive control, meaning that its
synthesis is inducible by maltose (Kellermann & Szmelcman, 1974). In the AES-1
experiment the source of carbon for E. coli was glucose (C4H.,04) and not maltose

(C12H220441), so an explanation to this phenomenon still needs to be formulated. The thi
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genes were also overexpressed in all of the data sets. They synthesize thiamine, which is
needed for carbohydrate metabolism. Although further research is needed to corroborate
this, the overexpression of the thi, opp, and mal genes may suggest that this was a response
to carbon starvation as E. coli accumulates adenosine thiamine triphosphate (AThTP), a
form of thiamine, in response to lack of energy substrates (Gigliobianco et al., 2010). The
suc genes, which are also associated with metabolism, were also upregulated; their role in
the overall observations is still not clear. This information suggests that 1) a
stimulation of several metabolic pathways increased the production of conjugate
bases such as acetate, and formate; and 2) the cells were under a carbon

starvation environment in space.

6.9.7 Other Studies

Because gene expression data has not yet been produced for the cultures challenged
with higher concentrations of Gentamicin Sulfate, (100-175 ug/mL) a study to correlate cell
aggregation to gene expression has not yet been conducted. Another investigation that may
be worth undertaking when the complete gene expression data package is received, is to
assess if there is a correlation between the differential regulation of genes associated with

cell signaling (for quorum sensing), e.g. wrbA, and the phenotypic observations.
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CHAPTER 7

CONCLUSIONS

The literature survey on spaceflight investigations in which antibiotic activity and
cell envelope thickness were assessed, presented in Chapter 4, shows that few results have
been reported with a supporting statistical analysis and have been free of potential
confounding from re-adaptation to 1g. From the ones that have, it can be concluded that
non-motile E.coli has shown increased growth with respect to ground controls, both in
liquid medium and agar, and has proliferated in 1XMIC of Gentamicin in liquid medium.
On the other hand, it has also been documented that the same drug showed a 10% increase
in effectiveness on the same bacterial strain when tested in agar. This stresses the
importance of the role that growth medium (liquid vs. solid) play on the extracellular
environment. This literature review also shows that several scientific questions remain
unanswered, such as if there are changes on antibiotic activity or binding, or on bacterial
cellular envelope due to gravity; or if fluid behavior plays a role on bacterial susceptibility
to antibiotics in space; or the differentiation between the roles of microgravity and radiation
on the observed phenomena in space. Finally, this thorough literature survey and analysis
demonstrates that there are yet no sound conclusions regarding changes on bacterial cell

envelope due to spaceflight conditions.
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The conclusions from the Antibiotic Effectiveness in Space (AES-1) experiment,
presented in Chapter 5, are summarized and presented in Table 14 together with
information regarding their respective statistical analyses and their results. One-way
ANOVA were conducted to assess the role of drug concentration on a) cell length and b)
diameter for the four different combinations of drug type (Gentamicin Sulfate and Colistin
Sulfate) and gravity environment (spaceflight and ground control). There were no
statistically significant differences in either condition, suggesting that cell size is
independent of drug concentration. Therefore, samples were grouped in spaceflight vs.

ground controls and paired student t tests were conducted.
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Table 14. Synopsis of differences on spaceflight cultures challenged with Gentamicin
Sulfate (except “Cell concentration at time of antibiotic introduction”, where cultures were
antibiotic-free) with respect to matched ground controls, and their paired student t test.

Parameter Conclusion Result
conce(iletl;ation Mspace =6.91x106 cell/mL SDspace = 7.98X106cell/mL;
at time of No Statli;;&zllgnilegnlﬁcant Mground = 7.88x106 cell/mL, SDground = 1.65x106 cell/mL
antibiotic
introduction (t(10) =-0.24, p = 0.8151)

Cell Length

Statistically significant:
Cells in space were 71%
the length of ground
controls

Mspace =1.660 um, SDspace =0.288 umj;
Mground =2.353 um, SDground =0.603 pum
(t(310) = -2.07, p = 0.0389)

Cell Diameter

Statistically significant:
Cells in space were 78%
the length of ground
controls

Mspace =0.627 um, SDspace =0.084 umj;
Mground =0.809 um, SDground =0.131 pm
(t(310) = -2.33, p = 0.0203)

Cell Volume

Statistically significant:
Cells in space had 41%
the volume of ground
controls

Mspace =0.457 pm3, SDspace =0.155 pm?’;
Mground =1.109 p.m?’, SDground =0.534 um?’
((310) = -2.35, p = 0.0196)

Cell Surface

Statistically significant:
Cells in space had 54%
the volume of ground
controls

Mspace =3.281 me, SDspace =0.762 um2;
Mground =6.021 ].l.m2, SDground =2.027 ]J,Hl2
(#(310) = -2.53, p = 0.0119)

Cell Envelope

Not enough data produced yet

Thickness
L Statistically significant:
Antibiotic fold i 1 final Mspace = 4.38x108 cell/mL, SDspace =2.87x107 cell/mL;
Effecti 7-fold increase in fina
_ ;;t:l;(;ll:liss cell concentration in space Mground =6.19x107 cell/mL, SDground =5.01x107 cell/mL
Gentamicin with respect to ground (t(5) = 13.03, p = 0.00005)
controls
Antibiotic Statlstl.cally Slgnl.ﬁca.nt: Mipace = 4.87x108 cell/mL, SDspace = 4.54x107 cell/mL;
Effectiveness 41-fold increase in final
~ 50 pg/mlL cell concentration in space | Mground = 1.18x107 cell/mL, SDground = 1.59x107 cell/mL
Gentamicin | “ithrespect toground (t(5) = 19.75, p = 0.00001)
controls
Antibiotic Statlstl.cally Slgnl.ﬁca.nt: Mispace = 3.10x108 cell/mL, SDspace = 1.01x108 cell/mL;
Effectiveness 18-fold increase in final
_ 75 pg/mL cell concentration in space | Mground = 1.71x107 cell/mL, SDground = 1.12x107 cell/mL
Gentamicin | ithrespect to ground (4(6) = 5.74, p =0.00121)
controls
Antibiotic Statistically significant: Mipace = 4.01x108 cell/mL, SDspace = 1.03x108 cell/mL;
Effecti ) . L
ectiveness | 13-fold increase in final Meround = 3.03x107 celt/mL, SDground = 3.66x107 cell/m.
— Overall cell concentration in space
Gentamicin wrt ground controls (t(20) = 6.77, p =0.000001)
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The preliminary assessment of gene differential expression was conducted first in a
per-drug fashion, where the spaceflight data was compared to that of the ground controls,
and in a per-scenario (i.e. per drug concentration) approach, where flight and matched
ground controls were compared in three sets: 25, 50, and 75 ug/mL (since that is the gene
expression data available at this time). The per-drug analysis showed that 28 genes were
commonly up-regulated throughout all three test sets. These genes include the mal operon,
which transports maltose and other substrates across cellular membranes; and the thi
genes, which were the highest up-regulated genes in this set and which are involved with
catalytic activity and several metabolic processes. The list of 28 genes also includes several
from the opp group, which transport oligopeptides (sources of carbon) but also
aminoglycosides into the cell. Several suc genes were also overexpressed among all the
three assessed test scenarios (25, 50 and 75 ug/mL); they are involved with succinyl-Co-A
processes, and Suc” phenotypes of E. coli have shown cross-resistance to aminoglycosides.
Only one gene, cusF, associated with cation efflux system, was found to be commonly
under-expressed throughout all the three test sets.

The per-scenario approach allowed for an analysis to be conducted individually for
the three drug concentration data sets. The 25 pg/mL samples showed an up-regulation of
the gadE and yccd genes, both associated with conferring E. coli with acid resistance. The
ecnA gene, the antidote to the ecnB toxin gene, was the single most underexpressed gene in
this set. ecnAB is an antidote/toxin gene pair (also known as addiction molecules) that
control apoptosis, or programmed cell death during starvation conditions. The wrbA gene,
believed to have a role in oxidative stress defense and/or cell signaling (and which is also
acid-induced), was up-regulated. The 50 pg/mL samples showed an up-regulation on the
whole trp operon, which is associated with the formation of amino acids and organic acids —

the trp were the five genes that incremented in expression the most. Overexpression of the
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gadABC and E genes, and of hdeA, and B, all associated with acid resistance, was noted.
Another set of genes that were up-regulated in this group were malE and malK, which are
involved in the transport of all substrates through the inner cell membrane. The thi genes,
associated with thiamine biosynthetic enzymes needed for carbohydrate metabolism, were
overexpressed. None of the 12 down-regulated genes was reduced by a factor smaller than -
5x. The 75 ng/mL samples exhibited overexpression of the trp and mal genes, previously
discussed.

A literature survey was conducted to assemble a list of 31 genes that have been
associated with resistance to aminoglycosides, from which only six were differentially
expressed and only one was overexpressed in more than one of the three antibiotic
concentration scenarios. This was the oppA gene, which permits bacteria to resist
aminoglycosides when it is underexpressed, the opposite of what was observed on the
spaceflight samples. It was concluded that the genes associated with conferring resistance
to the aminoglycoside class of antibiotics to E. coli were not systematically activated, as

shown in Figure 24.
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Figure 24. Differential expression of the 31 genes associated with conferring resistance to
the aminoglycosides class of antibiotics in terms of general distribution (A) and per-scenario

(B).

A similar analysis took place where the overexpressed genes in the AES-1

spaceflight samples were checked against a list of 48 genes associated with oxidative stress
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responses. As seen in Figure 25, the 25 pg/mL samples showed an up-regulation in six and
a down-regulation in nine; while only one gene was overexpressed (and none were
underexpressed) in the 75 pg/ml group, However, 27 were up-regulated and none were
down-regulated in the 50 ug/mL set. No conclusions could be reached in terms of oxidative
stress due to the inconsistency in gene expression results on the three scenarios.
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Figure 25. Differential expression of the 48 genes associated with conferring resistance to
the oxidative stress in terms of general distribution (A) and per-scenario (B).

Finally, another review indicated that there are 35 genes associated with acid
resistance in E. coli, from which 24 were up-regulated (in between 2.01x and 29.08x) in the
AES-1 spaceflight samples, as seen in Figure 26. This up-regulation was observed in all
three scenarios. From this, it was concluded that there was an increase in acidity in the
(intra- and/or extra-) cellular environment. Furthermore, 10 out of 13 genes up-regulated in
the presence of high concentrations of acetate were overexpressed, as seen in Figure 26 (C).
Similarly, 9 out of 11 genes that confer resistance to acidity and which are regulated by
RpoS were overexpressed, despite of the fact that rpoS was not up-regulated. This is also
indication of the increase in acidity around the cell because these genes’ dependence on

RpoS is reduced or even abolished under acid stress conditions.
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Figure 26. Differential expression of the 35 genes associated with acid resistance in terms
of general distribution (A) and per-scenario (B). (C) shows that 10 out of 13 genes that are
up-regulated by acetate were overexpressed. Similarly, 9 out of 11 RpoS-dependent genes
that confer acid resistance under high-acidity environments, but that abolish their
dependence on RpoS under extreme conditions (rpoS was not up-regulated), were up-
regulated (D).

The most important conclusions from the gene expression data analysis are summarized in

Table 15.
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Table 15. Summary of conclusions from the gene expression observed in space with respect

to the matched ground controls.

Supporting data

Parameter

Conclusion

Drug-resistance

No systematic activation of the
genes known to confer
resistance (resistome) to
aminoglycosides

Only 6 out of 31 associated genes were
overexpressed. Gene that confers
sensitivity to antibiotics (oppA) was up-
regulated

Extra-cellular
environment:

Acidity

24 out of 35 associated genes were up-
regulated

There was an increase in
acidity the intra- and/or extra-
cellular environment

9 out of 11 genes that are regulated by
RpoS, but are regulated even when rpoS
is not activated (which was the case) if
there are high-acidity conditions

There was an increase in

acetate concentration in the

intra- and/or extra-cellular
environment

10 out of 13 associated genes were up-
regulated

Only differential expression was

Role of rpoS (c°)

No overexpression of the stress-
master regulator rpoS

(-3.48x) in the 25 ug/mL samples

Apoptosis

The RpoS-regulated suicide
gene was overexpressed
without rpoS being activated.
This suggests there might be a
novel mechanism to activate the
suicide process in (drug-
resistant) bacteria.

The toxin gene ecnB was up-regulated
in two of the three sets (3.00x, 15.70x);
the antidote gene ecnA was down-
regulated (-34.31x) in the first group,
their known regulator, rpoS, was not

activated.

Oxidative Stress

No conclusion regarding
oxidative environment reached

Results show similar trends in down-,
up-, and non-differentially gene
expression

Peroxide concentration was not

increased in spaceflight cultures

No systematic overexpression of oxyR

Metabolism

Overall metabolic activity was
stimulated in space

19 out of 21 glucose catalysis-associated
genes were up-regulated

Extra-cellular
environment:

Nutrients
(Glucose)

This data suggests that cells
were under carbon starvation

Up-regulation of genes associated with
the transport of substrates into the cell,
accumulation of AthTP during
starvation, and 19 out of 21 glucose-
catalysis associated genes
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CHAPTER 8

DISCUSSION

A literature survey on antibiotic effectiveness in space shows that the questions that
were posed at the dawn of this research field remain unanswered: “are there changes in
antibiotic activity in space?” and “are there changes in cellular envelope thickness in
space?” Additionally, the first seven spaceflight experiments to address these issues have
posed other questions, such as “does fluid behavior play a role on bacterial susceptibility to
antibiotics in space?”. Figure 4, in Chapter 4, shows how has our understanding of this field
progressed during the last decades and serves to define the state of knowledge prior to the
Antibiotic Effectiveness in Space (AES-1) experiment.

Conclusions from AES-1 include that E. coli was able to survive in concentrations
of Gentamicin Sulfate that on Earth would be inhibitory, and that the spaceflight samples
grew to a smaller cell size, and showed a tendency to aggregate when challenged with high
concentrations of Gentamicin. In addition to these phenotypic changes, the results from the
gene expression analysis suggest that the currently known resistance mechanisms against
E. coli were not systematically activated. Because this up-regulation was not observed, this
data suggests that drug molecules may have reached the cell at a lower rate, thus eliciting

increased bacterial growth with respect to the ground controls. The gene expression
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analysis also indicates that there was an increase in acidity in the (intra- and/or extra-)
cellular environment; this increase in acidity may have been in part due to a rise in acetate
concentration.

The gene expression data indicates that there was no overexpression of the rpoS
gene, which is usually activated by environmental stress. An analysis of the complete gene
expression data set, and of the 156 genes regulated by RpoS, will be needed to arrive to
conclusive results. The overexpression of ecnB and underexpression of ecnA indicates that
there likely were 1) osmolarity differences, and 2) an increased starvation condition in the
spaceflight samples with respect to their matched ground controls.

Conflicting results in term of potential oxidative stress makes it difficult to arrive to
a conclusion. However, the overexpression of oxyR in only one of the three sets (and at a low
fold) suggests that, if the cells were under oxidative stress, this was likely not coming from
peroxide molecules.

The differential gene expression analysis suggests that overall metabolic activity
was stimulated in space, which could be involved with the observed increase in bacterial
proliferation in microgravity. This study suggests that 1) a stimulation of several metabolic
pathways increased the production of conjugate bases such as acetate, and formate; and 2)

the cells were under a carbon starvation environment in space.

8.1 PROPOSED MODEL

Figure 27 graphically describes a working theory of what occurs in the extracellular
environment in space (A and C) compared to 1g (B and D) that could explain some of the
observed phenomena; this is only a graphic representation — a not-yet validated theoretical

computer model has been published in (Klaus et al., 2004)). Changes in the extracellular
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fluid environment can be summarized in four different scenarios: in these images, red
indicates high concentration, while blue represents low concentration of a given chemical
component. Under 1g (B and D), there is density-driven fluid motion as well as cell
sedimentation, both gravity-driven. On the other hand, in microgravity (A and C), cell
motion is provided only through active means (e.g. flagella) and particle displacement
through Brownian motion, as explained in (Klaus et al., 2004). In the case of AES-1, where

the bacterial model was non-motile, no active cell movement is assumed.

A 3
@ @

Figure 27. Graphical models of altered extracellular fluid environment. Red indicates high
concentration of a chemical component and blue is a low concentration. The white circle is a
simplification of a bacterial cell in the fluid. (A) and (C) represent the microgravity
environment while (B) and (D) the 1g environment, where a cell sediments.

The results of the gene expression analysis can then be correlated with these four potential

extracellular fluid environments explanations, as described in Table 16.
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Table 16. Potential extracellular fluid environment explanations to the observed
differential gene expression. Up-arrow indicates up-regulation; down arrow down-

regulation.
Potential
Hypothetical (H) or extracellular fluid . .
. . Gene expression supporting
measured (M) Associated environment .
. . . extracellular environment
phenotypic result in Molecule explanation .
explanation
space Spaceflig | Ground
ht Controls
(M) Increased bacterial No systematic activation of E.coli's
growth when challenged | Antibiotic C D known resistome to
with drugs aminoglycosides
1) N24 out of 35 acid-reponse
genes, 2) N9 out of 11 rpo-s
dependent acid-response genes
(H) Increased acidity Carboxylic A B activated despite lack of rpoS
around cell Acids overexpression, 3) 10 out of 13
acetate-production genes, 4) N\
out of 5 acetyl compound-
producing genes
. 1) AecnB, YecnA, 2) AmalE,
(H) Starvation Glucose C D AmalK, 3) Athi
) 1) N19 out 21 glucose metabolism-
(H) Increasgo} metabolic Glucose C D genes, 2) N5 out of 5 acetyl
activity :
compound-production genes
(H) Decrease in
environmental Tryptophan C D ANirp
tryptophan
(H) Increased trans-
membrane transport Several C D D) Amalk, ¢$Zé§]’?2) AoppA, 3)
(starvation related?)
(H).Change n AecnB, YecnA, although rpoS was
environmental Unknown
. not overexpressed
osmolarity (?)
(M) Decrease in cell size Not yet clarified
(M) Cell aggregation Not yet clarified

Figure 28 summarizes the hypothesized processes that could explain the observed

phenomena in space. Microgravity triggers alterations in the extracellular environment, in

this case, reducing the concentration of glucose molecules around the cell (as in Figure 27-

C). This produces a starvation environment for the bacterial cells, which up-regulate their

metabolic processes to synthesize substrates. This would explain the observed increase in

trans-membrane transport gene expression and the observed bacterial proliferation in
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spaceflight (regardless if challenged or no with antibiotics). The up-regulated metabolism
then increases the production of carboxylic acids creating a region of high acidity around
the cell (as in Figure 27-A) since they move away from the cell exclusively by Brownian
motion. This, in turn, up-regulates the genes that confer E. coli with acid resistance. It is

not yet clear what the consequences of this overexpression may be.

Increased trans-
membrane
influx
Altered extracellular 1
fluid environment: Stimulated Inazasae
Microgravity [ — . p— bacterial
reduced concentration metabolism ; i
proliferation
of glucose 1
Increased
carboxylic acid
production
Physical 1
phenomenon
Biological: Gene Altered extracellular Increased
e — fluid environment: = acid
E}':"Og'cal' increased acidity resistance
enotype

Figure 28. Hypothesized process that explains the observed increased bacterial
proliferation in space (regardless if cells were challenged with antibiotics).

Figure 29 depicts the hypothesis that explains the observed bacterial proliferation in
concentrations of drugs that on Earth are inhibitory. The fact that there was no systemic
up-regulation (some genes were even down-regulated in space) suggest that there was a

reduced concentration of antibiotics around the cell.
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Altered extracellular
. . No necessary Increased
) . fluid environment: _ i _ )
Microgravity . » up-regulation of »  bacterial
reduced concentration . . i
0o e resistome proliferation
of antibiotics

Figure 29. Hypothesized process that explains the observed bacterial proliferation in
concentrations of antibiotics that are inhibitory on Earth.

Figure 30 shows the pathway for the activation of the entericidin locus (also known
as a “suicide module” because it causes the cell to program its own death) and its eventual
up-regulation of the toxin gene ecnB and down-regulation of the antidote gene ecnA,
(differential expression of ecnAB was observed in the spaceflight samples). The activation of
the rpoS gene is necessary, as it synthesizes the RpoS protein that, in turn, activates the
entericidin locus. However, rpoS showed no differential expression in two of the three space
culture sets and was underexpressed in the third. This poses the question of what caused

the up-regulation of ecnB (up to 15.7x) and down-regulation of ecnA (down to -34.31x).

v
Altered extracellular Alternative
fluid environment: | activator (?)
reduced concentration
of glucose
Microgravity > rre%(ijslagiim =¥ rpoS ¥ ecnAB =¥ dizltlh
Altered extracellular ‘

fluid environment:
increase in osmolarity

Figure 30. The activation of the entericidin locus and eventual cell death. No
overexpression of the rpoS gene was observed, so it is not yet clear what caused the
activation of ecnAB. Learning of an alternative activator of this locus, which might have
been up-regulated in spaceflight, could serve as a novel drug target.
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Because rpoS (the known activator of the entericidn locus) was not overexpressed,
but the locus was differentially expressed, it is believed that there is an alternative
activator of the entericidin locus that was turned on during spaceflight. This alternative
activator could potentially be used as a novel antibiotic target. The activation of the ecnB
gene is of interest because it programs cell death by synthesizing lipoproteins and
eventually causing lysis (Bishop et al., 1998). This occurs naturally when rpoS is activated
by starvation and increase osmolarity. However, if the entiricidin locus could be activated
via an antibiotic molecule, cells could be “re-programmed” to kill themselves, which could
prove beneficial against drug-resistant bacteria.

The description of the evolution of knowledge in these matters, originally presented
in Figure 4, is updated in Figure 31 with the conclusion and hypothesis derived from this
thesis work. Additionally, Table 17 summarizes the conclusions regarding each hypothesis.
For the first one, it was found that this is generally true with the caveat that antibiotic
efficacy is not the correct term, as that was not the measured parameter. The better
explanation is that, in space, a lower rate of antibiotics reached each bacterial cell.

Table 17. Conclusions reached about each hypothesis. “G” speaks of Gentamicin Sulfate,
while “C” of Colistin Sulfate.

Hypothesis Conclusion
Antibiotics used to treat bacteria grown in space will exhibit reduced efficacy and See above
will be associated with specific changes in bacterial gene expression that correlate | oxplanation

with cell survival

G1/C1: When challenged with “G”/’C” in microgravity, E. coli ATCC 4157 cells will False
grow to larger sizes compared to matched 1g controls

G2/C2: When challenged with “G”/”C” in microgravity, E. coli ATCC 4157 cells will

develop thicker cell envelopes compared to matched 1g controls Undetermined

G3/C3: When challenged with “G”/’C” in microgravity, E. coli ATCC 4157 cells True
will grow to higher final cell concentrations compared to matched 1g controls

G4/C4: When challenged with “G”/’C” in microgravity, E. coli cells ATCC 4157 Undetermined
will have reduced lag phases compared to matched 1g controls
G5/C5: In microgravity, E. coli ATCC 4157 will proliferate under normal (1g) True

inhibitory concentrations of “G”/”C”

G6/C6: There is a correlation between population growth dynamics, cell size, and True
cell envelope thickness of E. coli ATCC 4157, and bacterial susceptibility to “G”/’C”
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Figure 31. Evolution of knowledge diagram with conclusion and hypotheses derived from

this thesis work.
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8.2 THESIS CONTRIBUTIONS

This thesis’ contributions can be summarized as follows:

1. Reproduced previous spaceflight results that bacteria were able to grow in inhibitory
levels of antibiotic.
— Validation of earlier observations presented in (Tixador et al., 1985; Moatti et
al., 1986; Lapchine et al., 1986; Tixador et al., 1994; Gasset et al, 1994,
(Menningham and Heise, 1994; Klaus, 1994; Kacena and Todd, 1999;
Juergensmeyer et al., 1999).
2. Provided data that corroborates the extracellular environment model
— Stimulated acid response “almost proves” the theory that byproducts
accumulate in the extracellular fluid environment presented in (Klaus, 1994).
— Up until now, this had proved unachievable through physical (Owen et al.,
2002), and computational modeling (Benoit et al., 2008), but is clarified via
overexpressed genes associated with acid resistance (this work).
3. Observed that E. coli cell size was decreased in space
—  This unexpected smaller cell size observed in space cultures translates into
smaller cell surface area which reduces target size for antibiotics.
4. Characterized stimulated metabolism may explain in part why bacteria tend to grow
better in space
— Also suggests potential means for improving bioengineering processes
5. Gene expression data suggests that reduced bacterial susceptibility to antibiotics in
space 1s not due to increased drug resistance (a microbial defense response), rather
due to a decrease in antibiotic molecule concentration around the cell (a

microgravity biophysical mass transport effect).
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6. The wup-regulation of suicide genes in space without their regulator being
overexpressed may present a novel target against drug-resistant pathogens on

Earth.
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CHAPTER 9

RECOMMENDATIONS

9.1 FOR INVESTIGATORS STARTING SPACE-BASED RESEARCH

Spaceflight places challenges on research that are best addressed during early
experiment design. It is recommended to use low-biosafety level organisms (eases the flight
safety-related processes) and, depending on the scientific objectives, to keep bacterial
motility as a strain selection criterion. Similarly, it is suggested to use non-toxic, and non-
hazardous materials to the extent possible (again, to keep safety-related processes as
simple as possible). The experiment should be planned to minimize the impact of the delay
between sample preparation and experiment start (due to payload integration into the
spacecraft/launch vehicle, potential launch delays, initiation of operations after reaching
space, etc.). This can be achieved by maintaining the organisms in stasis, either by
temperature (if power and temperature regulation are available to the organism habitat),
or by maintaining it in a medium without a source of glucose or metabolic energy, if
possible. Given the limitation on up-mass, it is also recommended to prioritize sample
replicate number over amount of testing conditions to enable statistically significant
results.

Ideally, scientific assays should be conducted in space; however, this is difficult to

achieve. To avoid potential re-adaption of the organism to 1g, the next best solution is to fix
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the samples in space as soon as the experiment has been completed. Researchers should
also keep in mind what assays and protocols will be conducted on Earth and choose their
fixative accordingly. Researchers should consider the use of a 1g centrifuge in orbit to
assess the roles of gravity and radiation on their dependent variables. The use of
standardized protocols are recommended to make the spaceflight results available and

compatible to other investigations on Earth.

9.2 FOR NEXT RESEARCH STEPS

It is encouraged that cellular envelope investigations are continued, as it has been
proved that changes on the bacterial cell envelope are correlated with antibiotic resistance
here on Earth (Sieradzki & Tomasz, 2003), and a literature review and analysis showed
that conclusive data hasn’t yet been produced. These new investigations should include -
omics types of analyses, e.g. transcriptomics and genomics, to elucidate the mechanisms
behind the observed changes in space. It is also recommended that the role of fluid behavior
be closely studied by the use of liquid medium and agar in a parallel and synchronous
fashion.

The analysis conducted on the AES-1 experiment identified correlations between
gene expression and phenotypic expression. Future studies should test these correlations to
find actual causation and the different governing mechanisms behind the observed
decreased susceptibility to antibiotics in space.

When the complete data set of differential gene expression is available, a study to
correlate cell aggregation to gene expression should be conducted. Another investigation
that may be worth undertaking at that time is to assess if there is a correlation between the
differential regulation of genes associated with cell signaling (for quorum sensing), e.g.

wrbA, and the phenotypic observations.
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APPENDIX 1 - E. COLI GROWTH PROCEDURE

The most basic experimental activity related to this thesis was the growth of
bacteria in the laboratory. Some of the common denominators throughout the experiments

are:

e Incubated at 30°C.

* E. coli grown in 1X Medium E with 5 g/L glucose as growth medium.

There are four steps to the growth of bacteria:

A. Preparation of growth media

B. Inoculation

C. Growth of individual cultures and concentration measurements
D. Data analysis

Preparation of Growth Medium
Medium E at a 50X concentration, described by (Vogel & Bonner, 1956), must be
prepared in a clean beaker as per Table 18.

Table 18. ME minimal growth medium constituents. Constituents and their required
amounts to produce 100 mL of 50X Medium E (Vogel & Bonner, 1956).

Component Amount
MgSO, -TH,0 1.0g
Citric Acid 20 1008
K,HPO, - anhydrous 50.0 g
NaNH ,(HPO,)-4H,0 175¢
Distilled Water 67 ml
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The amounts described above of each of the constituents produce 100 mL of 50X
Medium E. For mixing, it is recommended to use a magnetic stirrer, as the 50X solution is
highly viscous. The salinity of this highly concentrated solution impedes bacterial growth,
thus there is no need for sterilization at this stage. However, 0.1 mL of chloroform can be
added to the 100mL of solution as a preservative. During the experiments presented in this

thesis no chloroform was used.

In a separate, clean container, a 5 g/Li solution of glucose in distilled water is
prepared. This solution is used to dilute the 50X Medium E solution to a 1X concentration.
The amount of glucose solution needed to conduct this dilution can be calculated from the

dilution equation:
Vi = GV,

Where C is concentration, V is volume and the 1 and 2 subindexes differentiate two
different states of the solution. For example, if 250 mL of 1X Medium E wants to be

produced, then the amount of 50X solution can be calculated as follows:

1
V, = =2V, = —- 250 mL = 5.0 mL
176, 27 50 o o

This means that the final solution will consist of 5 mL of 50X Medium E and 245 mL

of dilutant solution. The amount of glucose is calculated based on the total, final volume,

l.e. 250 mL:

(58/)(250L) =1.25¢
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At this point there are two different vessels: one containing 5 mL of 50X Medium E
and a second with 1.25g of glucose in 245 mL of distilled water. These two containers are
then autoclaved and finally, mixed. Manual stirring for two or three minutes is enough to
achieve a homogeneous solution.

Several growth media will be tested for B. subtilis and S. aureus. A growth medium
will be selected based on the criteria: 1) ensure non-motility and certainty of metabolic
byproducts and 2) provide a growth rate that permits clear distinctions between the phases
of growth. Both of these bacteria will be tested in Medium E, produced as detailed in this
chapter. B. subtilis will also be grown in M9 minimal medium as in (Fuhrer, Fischer, &

Sauer, 2005; Tannler, Decasper, & Sauer, 2008).

Inoculation

Several screw-capped, 9 mL Pyrex® 9825 test tubes were used for individual
cultures. If the bacteria were originating in a solid state, a medium transition batch would
be grown to allow the cells to adapt to the new medium. Otherwise, the test tube containing
the bacteria in 1X Medium E, here referred to as “Continuity batch”, would be stirred until
appearing homogeneous and placed in an incubator at 30°C for 12 hours. Actually, the
Continuity batch was always maintained at that temperature and refreshed with Medium
E as necessary. Then, a small amount (<0.5 mL) of the continuity batch would be
transferred into a 9.0 mL test tube and then this container would be filled to the top with
1X Medium E — this is referred to as the “Grandmother Culture”. The date, time and
temperature would then be recorded and the test tube labeled accordingly. All cultures
were maintained in an incubator to control the temperature to avoid the introduction of

other confounding factors.
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Growth of individual cultures and concentration measurements

When the Grandmother culture reached its mid-exponential phase (0Dggo = 0.3 or
~12 hours)(Benoit et al., 2008), its vessel was stirred until the content was homogeneous in
color. Then, a sample was taken from it to be placed on a hemocytometer on the microscope
and/or place in a 96 well, flat bottom, plate in a Spectrophotometer ran at 600 nm. If using
a Spectrophotometer, liquid was filled until the surface was flushed to the well’s top, trying
to minimize surface concavity/convexity. If the concentration in the grandmother culture
was measured with a hemocytometer, then this was accomplished by counting the number

of cells in five different quadrants of the hemocytometer as seen in Figure 32.

Figure 32. Used quadrants in hemacytometer.

Each of the quadrants in a red square is 0.2 mm in side and 0.100 mm in depth, thus
containing a volume of 4.0x107°mL. This volume allows to calculate the concentration in
the solution: each cell observed within this quadrant is then equivalent to a 2.5x10° Cell/mL.

If a Spectrophotometer was used, the Grandmother culture’s cell concentration was
calculated with the an OD vs. cell concentration equation developed from data points

acquired in the lab following the procedure indicated in this chapter. After the
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concentration in the mother culture had been either measured or calculated, the series of
cultures can start to be prepared. For this purpose, the following equations are used
Number of individual cultures to be grown: a
Volume of each culture: b (mL)

Total amount of volume needed ¢ where

Desired initial concentration: cc;
Needed amount of cells for total volume e where

e = c - cc; (cells)

Concentration of mother culture cc,,
Volume of mother culture needed to acquire e amount of cells 1}, where
Vi = C—m (mL)
Volume of 1X Medium E with 5 g/L glucose needed to achieve c, V,:
V.=c—-V, (mL)
For example, if ten individual cultures want to be started (a = 10) in 10 mL test

tubes (b = 10 mL) then 100 mL (c = 10 - 10mL = 100mL) of total volume will be needed. If

the desired initial concentration of these cultures is cc; = 1x10° cell/mL then 1x107 cells
(e =c-cc; =100 mL - 1x10° Cen/mL = 1x107cells) will be needed. If the concentration on the

mother culture was calculated to be 1.01x107 cells/mL then the volume of mother culture

e 1x107 cell

e m = 0.99 mL). Finally, the

needed to create these cultures is 1.01 mL (Vm =

volume of dilutant (1X Medium E with 5 g/L glucose) can be calculated to be Vo, = ¢ -V, =

100 mL — 0.99 mL = 99.1 mL. Grandmother cultures were diluted trying to achieve a

cc; = 6.75x10° cell/mL starting concentration.
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The required amount of mother culture and of 1X Medium E with 5 g/L glucose were
then introduced into a sterile Erlenmeyer where it could be thoroughly stirred prior to
distributing it to the individual test tubes. The amount of air was minimized in the test
tubes and constant in size along all test tubes. These test tubes are screw-capped and don’t
allow for air to leak through. The cultures were placed in an incubator at 30°C and the
activation time was recorded. The tubes were not disturbed to allow the cells to freely
sediment. On an hourly basis, or as required, one test tube was removed from the
incubator, shaken and stirred to make the solution homogeneous and a sample placed on
the hemocytometer and/or Spectrophotometer. After taking that sample, the rest of the
contents of the test tube were discarded. The OD/concentration values were recorded for

data analysis.
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Table 19. AES-1 detailed timeline. All dates and times are MDT. Dates are in the mm/dd/yy
format. The 24-hour time format is used for time. FPA = Fluid Processing Apparatus. ETC
= Environmental Test Chamber. CGBA = Commercial Generic Bioprocessing Apparatus.
GAP = Group Activation Pack. ISS = International Space Station. MELFI = Minus Eighty
Degrees Laboratory for ISS.

Environment | Event Date Time
Earth Preparation of growth medium 12/3/14
Earth Flight-ready hardware parts received 12/3/14
Earth Loading of growth medium in FPA Chamber A 12/4/14
Earth Start of experiment hardware assembly 12/5/14
Earth Prepgration of PBS, paraformaldehyde, and RNA 19/5/14
solutions
Earth Breaking of RNA crystals 12/6/14
Earth Confirmation of no-contamination in FPAs Chamber A | 12/8/14
Earth Culture of AES-1 E. coli batch 12/8/14
Earth Inocula preparation 12/9/14
Earth Loading inocula into FPA Chamber B 12/9/14
Earth Preparation of Antibiotic Solutions 12/10/14
Earth Loading antibiotic into FPA Chamber C 12/10/14
Earth \S;zﬁg;l;g of all (flight and ground controls) to NASA 19/10/14
Earth Loading fixative to FPA Chamber D 12/12/14
Earth GAP assembly 12/13/14
Earth GAP pre-flight testing 12/14/14
Earth Handover for launch 12/13/14 | 7:30
Earth Planned Orbital CRS-1 launch 12/17/14
Earth Actual Orbital CRS-1 launch 9/1/14 11:07
Space Cygnus berths to ISS 12/1/14 3:55
Space CGBA transferred from Cygnus to ISS 13/1/14 8:25
e e U AL pevp pees
Space Inoculation 14/1/14 9:40
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Space AB introduction 14/1/14 4:55
Earth Inoculation 14/1/14 | 14:40
Earth AB introduction 15/1/15 9:55
Space Fix. Introduction 15/1/15 | 11:05
Space Insertion in MELFI 15/1/15 | 11:30
Earth Fix. Introduction 16/1/14 | 16:05
Earth Storage into Freezer 16/1/14 | 16:30
Earth SpaceX-3 Splashdown 5/18/14 3:00
Earth SpaceX-4 Splashdown 10/25/14 | 13:38
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APPENDIX 3 - AES-1 TEMPERATURE PROFILES
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List of differentially expressed genes in the 25 pg/mL samples.
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1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold
aaed, -262 |argD -4.77 | bioH -461  |cred 21 dedd -3.47  |elaB 2.03
aaeR -2.85  |argG -5.48 | bipa -469 |creB -2.08  |dedD -243  |elaD 417
aaer -3.05 |argH -2.33  |bisC -2.39  |ereC -2.03 | def -2.32  |elbB -2.15
aas -2.34  |argD -2.03  |bolA 215 crl 513 | degP 1153 |emrA -5.27
abagR -2.92  |argP -3.04 |borD 1 241 |csdA -3.84 | deqg -2.02  |emiB -4.31
acch -2.3 argS -3.07 |borD 2 -243  |esqC -3.7 deqS -3.18  |emiD -5.15
accB -5.5 argT -251 | brnQ -3.23  |esqD 2.26 deoR -2.82  |emtA -2.72
accC -414  |amnd -2.72 |bssS 2.84 csqG -3.09 | der -6.78  |entD 1 -2.32
accD -3.36  |aroA -212 | btuB -214  |esiR -2.07 | dfp 577 |entS 1 2.05
acks -3.28 |aroB -3.09  |btuC -2 cspl -761 | dgka -263  |envC -3.33
acnB -244  |aroC -3.1 btuD -2.24  |espG -17.79 | dgoR -247  |envZ -4.3
acpT -3.09  |aroG -3.88 | btuF -212  |espH -265  |dgoT -2A7  |epd -2.53
acri, -2.22  |aroK -4.45  |btuR -2.5 csria -3.36 | dhaR -295 |essD 1 -2.02
acrB -2.03  |arpA 5.05 caiD -3.99 |estad -4.24  |diaA 578 |essD 2 -2.28
acriR -2 arth -2 caE -6.92  |ostd 2 -453  |dinB -2.37 | eutd =217
add -4.91  |antP -2.94 | caif -3.03  |cusB 1 -2.32 | dinD -6.94  |eutB -6.07
adhE 2.61 antQ -2.05  |cbpa 2.55 cusF _1 -213 | dinF -2.59  |eutH -2.05
adiC 291 ascB -2.4 cbpM 341 cusF 2 -3.94  |dinG -3.64  |exoX -3.94
adk -6.48 |ascF -249  |cca -559  |cusR 1 -2.78 | dinl -7.78  |exuR -4.06
aegh, -451 | ascG -2.92  |cchB -3.32  [cusR_2 -242 | djla -4.37  |fabA -5.85
aer -3.34  |aslB -266  |coemA -2.89  |cutC -2.26  |djB 1 -218  |fabB -3.13
agas -2.26 | asmA, -2.2 cdaR -452  |cvpd -3.34  |djiB 2 -3.04 |fabD -3.24
agaR -3.28  |asnC -2.88 |cdd -2.32  |owrd -2.43 | dkgA 2.9 fabF -3.61
agay -3.71 | asnS -2.23  |cdh -2.01 | cybB -4.04 | dksA -2.38  |fabG -2.48
| agp 292 aspC -2.87  |cdsA -3.42  |cych -2.05  |dmsA -2.96  |fabH -4.52
aidB 6.41 aspS -257  |cedA 512 |eydD -367  |dmsB -2.31 | fabl -2.83
alaS -6.13  |atpA -2.38 | chad -7.81  |cyod -3.34  |dmsD -215  |fabR -4.27
alla, -2.03  |atpB -4.06  |chaC -3.76  |cusB -2.25 | dnaB -5.1 fabZ -3.18
alB -2.05 |atpE -345 |chbB -213 |eysC -2.4 dnakE -2.28  |fadA -2.11
allR 3.75  |atpF -2.73  |cho -2.08  [cysM -2.5 dnaG -244  |fadB -2.02
alr -4 atpG -2.29  |chpA -315  |cysS -7.94  |dnaJ 3.02 fadD -5.21
alsE -2.32  |atpH -2.69  |chpR -6.57  [cysU -2.27 | dnak 757  |fadE -2.79
alskK -2.97 | atpl 412 |clch -214  |cysZ -10.61 | dnaT -2.05  |fadH -2.4
al -65.02  [awtd -2.65  |clcB -253  |cwtR -5.27 | dnaX -3.69  |fadR -5.49
amis, -2.25  |bach -4.24  |cld -7.38  |daca 1 -3.44  |dps 478 |fbad 2.91
amiB -2.88  |baeR -242  |clpB 876  |dacA 2 -3.33 | dsbA -216 | fbaB 3.21
amiC -4.3 bax -8.72  |clp® -2.29 | dacB -3.68 | dsbBE -3.51  |fbp -4
ampG -3.7 bep -3.75  |cls -261 | dadA -3.31 | dsbC -2.44 | fdhD -2.97
anmK -3.2 ber -3.46  |cmk -10.06 | dadX -3.43 | dud -2.56 | fdhE -3.38
ansh, -2.56  |bcsa -3.99  |emr -463  |dam -2.71 | dus@ -4.45 | fdhF -5.16
ansB -2.38  |besF -217 | coah -214 | dapA -4.79 | dusB -11.93 | fdnG -4.35
aph& -219 _ |bdm -4.8 coaE -245 | dapD -251 | dusC 441 |fdnH -4.54
appa 946 betB -2.95 |cobB -218 | dapE -356 | dut -5.84 | fdnl -4.17
appB 766 |betl -3.69  |cobS -3.6 dapF -2.81 | dis -343  |fdoG -3.28
appC 4.96 betT -2.73  |cobT -2.83  |dbpA -2.45  |eamA -216 | fdoH -5.24
apt -125 | bfd 288 |cobU -4.1 ded -3.61 | ebgC 2.35  |fdol -4.2
agp2 -267 | bfr 3.8 cof -2.8 dem -252  |ectK -6.74  |feaB -2.52
araF -241 | balF -2.87  |cord -3.57  |decuS -217 | ecnd -34.31  |fecl -2.02
arch, -2.58 | balG 256  |cpdA 277 |ddB -3.09  |ecnB 15.7 fes 2 218
argé, -464 |balH -2.37 | cprA -2.88 | ddpD -2.86  |eco -3.47 | fh -2.35
argB -2.21 | bald 213 cpsP -8.58  |ddpF -5.35  |efeO 2.02 | fthuE -2.07
arqC -3.05 |bagl® -354  |cpxR -244 | deaD -6.23  |efp -9.34  |fieF -2.48
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1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold
HmZ 253 gqabT 3.39 qpp =317 |hipB -36 insG -4.05 |lpxC -7.14
fis -6.61 | gadA 7.82  |agpt -8.3 hslJ -4.31  |insL-1 -2.01  |lpxD -2.9
kB 516 |gadB 575  |gred -6.76 | hslO 465 |insL-2 2 -2.1 IpzK -4.9
fkpB -5.66 | gadC 896  |qreB -2.55 | hsIR 5.4 insL-3 -2.6 IpsL -4.57
flda -2.62  |gadE 2062 |aroL 5.22 hslU 235  |insO-1 -267  |lpsM -3
flde -3.02 | gadw 604 |groS 462  |hslV 263 |insO-2 -2.74  |lpsP -3.38
Flghl -4.84  |gadX 7.21 arpE 3.7 htpG 5.86 |ispA -766  |Irh& -2.62
flghl -3.81 | qalE -2.44  |arC 211 |htC -3.05 |ispB -2.97  |lIrp -2.42
fIhE -3.21 | qalk -2.86  |arsD -2.27 | htG -8.27  |ispD -2.37  |lspA -9.77
Flid -2.08 | galM -3.3 gshB -265  |huph -2.33  |ispE 278 |lsiK -4.13
fiE -346  |qalR -2.46 | gsid -2.31 | hupB -2.3 ispG -2.87  |lysA -4.12
fHiG -207  |qalT -219  |gsk -3.32 | hyad 652 |ispH -4.27  |lysP -3.13
flil -2.08  |gall -3.59 | quad -3.27  |hyaB 8.37  |ispU -3 lysR -2.17
HiO -2.01  |garD -5.6 quabB -493 | hyaC 13.65 |ivbL -3.15  |lysS -2.57
HiR -467  |gath 2.83 qura, -3.75 | hyaD 12.2 vy -3.76 | maa -2.75
FIk. -218 | ged -3.11 hcakE -2.53 | hyaE 6.9 kbl -242  |macB 2.99
fmt -2.92 | gdhA -217 | hcaT -3 hyaF 8.03 | kdagK -4.37 | maeB -3.16
fnr 241 |afeD -2.2 hcha, 217 hybO -2.38 | kdgR -214  |mak -2.14
foch -2.47 | qidA -253 | hda -3.93 | hych -6.76 | kdpA -4.43  |malE 2.81
focB -207  |glcC -3.8 hdes, 449  |hycB -5.79 | kdpB -2.82 | maltM -2.05
fols, -2.84  |qlgS 2.8 hdeB 478 |hycC -3.72 | kdpD -2.34  |malP -2.01
folB -2.82 | gimmM -2.34 | helD -2 hydh -4.18  |kdsB -3.4 mall -6.38
folD -2.83  |glmU -2.33  |hem& -3.95 | hui 2.4 kdsC -251  |malT =217
folE -255  |ginB -2.04  |hemB -2.25 | hypA -3.4 kdsD -2.85 | manA -5.89
folK -2.1 alnG -217  |hemC -3.53 | hypB -2.26 | kefd -367 |map -2.44
foli -2.9 qlnP -2.26  |hemD -2.83 | hypC -263 | kefB -2.39 | mard -3.25
folP -2 qinQ -2.09  |hemE -267  |hypD -219 | katP -3.68  |marB -3.23
folX -3.07  |gloA -2.44  |hemF -2.31 | hypF -2.04  |ldcA 311 |marR -5.08
fre -2.04  |alpA -747  |hemG -2.71  |iaaf -243  |ldiB -2.7 mazG -2.67
friiR -2.5 qlpB -2.99  |hemL -2.97  |iap -3.97  |leuS 1 -5.5 mdl&, -3.25
frm&, -5.96  |qglpD -3.32  |hemY -2.84  |ibpA 6.51 leuS 2 541 |mdB -2.88
frmB -3.95 |qlpE -719 | hiD -317 _ |ibpB 668  |lexd -312  |mdoC -2.27
frmR -6.38  |qlpF -2.64 | hfg 255 |icd -3.08  |lgt -2.28  |mdoD -2.73
frvB -3.01  |alpG -461  |hha -3.14  |ileS =318 |lhr -2.25 | mdoH -2.25
froR -2.07  |glpK -242  |hinT -3.24  |ilvA -3.08  |ligh -2.08 | mdta -4.25
fsah, -243  |alpR -4.07 | hipB -2.08 |ilvB =313 |ligT -2.87 | mdtE 5.68
fsr -253  |alpT -2.38  |hisB -2.06  [ilvE -454  |livH -3.75 | mdtF 3.37
ftn -4.38  |qlp® -3.38 | hisC -2.05  |ilvM 707 |livd -2 mdtG -7.79
ftsh, -5.32 | glta 235 |hisD -3.08  |ilvN -2.02  |livK -459 | mdtH -25
ftsB -2.79 | gltF -217 | hisG -465  |ilwy -264  |livM -2.77 | mdtd -4.43
ftsE -3.9 qltP -2.76 | hisd -3.28  |imp -5.45  |IdP -218 | mdtK -2.44
ftsH -3.36 | glt® -2.69 | hisQ -3.36  |inaA -2.07  |lola -418  |menA -2.75
frsl -2.46 | alyd -2.03  |hisS -3.72  |infa -3.7 10lB -2.76  |menB -2.08
frsL -293  |gmhB -2.45  |hlyE 1312 |infB -3.28  |lolC -2.96  |menC -2.04
ftsh -546  [gnsA -5.29 |hns -452  |insA-2 -2.84  |lolD -2.3 menD -2.3
ftsQ -3.81  |gntK -4.33  |hoka -461  |insA-4 -6.28  |lomR -2.43 | menF -2.01
frs' -2.8 qntR -4.45  |holB -3.92  |insA-B -2.74  |lon 252  |mepA -2.23
ftsi -3.83  |gntT -2.53  |holD -4.34  |insA-7 -263  |lpcA -3.08  |metB -2.08
frsy -465 |gntU -3.34 | holE -5.72  |insB-1 -244  |lplA -2.24 | metC -4.23
fts2 -6.64  [gnt¥ -413 | hpt -251  |insB-4 -2.94  |lpp 3.73 metG -2.51
fur -249  |aph -2.05 | hpt -4.71  |insE-3 3.37 Ipr& -415  |metd -2.18
fasd 3.9 gpml -5.05  |hrpA -2.74  |insE-5 2.3 IpxB -355 | metl -2.03
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1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold
mfd 346 |mutH -217 | nusA -4.95 | pldA -8.27 | ptsh -2.25 |rhaR -2.59
magsh -2.33 | mutL -2.76  |nusG -3.95 |plsB -268  |puwE -219  [rhaS -2.2
mata -5.05 | muth 3.89 obgE -743  |pls¥ -55 purk -2.07  [rthiB -4.39
mial 269 mutS -355 |oagt -2.27  |pmiD -5.88 | puri -3.92  [rhlE -6.16
miaB -3.07 | muty -3.79  |ompC -2.21  |pncA -2.07  |purN -3.81  [rho -2.32
minC -3.67  |nada -3.8 ompR -3.55  |pncB -3.33  |purT -2.05  |rholL -3.31
minD -296  |nadB 564 |[ompT 1 -2.04 |pnp -5.21  [purl -2.7 thsB -3.23
mioC -4.87  |nadC -342 |ompT 2 -2.03  |pntA -2.6 putkP -252  |rthsC -4.22
mip&, -7.37  |nadE -206  |omp'w -291  |pntB 211 | puud -13.61 | rhtA -3.87
mits, -5.78  |nagD -5.29 |oppB 267 pnuC -363  |puuB -262  [ribB -3.99
mite -3.08 |nagE -2.88  |oppC 3 pota, -6.99  |puuC -5.4 ribD -2.06
mitC -2.32  |nanR -2.38  |oppD 4.36 potB -4.11 puuD -7.2 ribF -7
mitD -5.04  |napB -2.27  |oppF 4.08 potE -2.47 | puuE -2.27  |rnhC -3.49
mnm& -3.93  |napC -317  |om -2.68 | poxrd -7.85  |puuP -463  |riml -3.02
mntH -213  [napD -765 |osmB -3.74  |poxB 4.7 puulR -9.57  [rimM -10.3
mntR -341  [napF -752 |osmC -455  |ppa -4.05 |pwE -266  [rimL -2.55
moal -296  |napH -2.28  |owR 341 |ppdB -213  [purH -2.38  [rpB 1 -4.42
moaC -2.02  |narH 2.82 paaJ -2.85 |ppdD -2.02  |purL -617  [rpB 2 -4.03
moal -2.27  |narl 247  |paba -2.87  |ppiA -4.38  |gmca -212  |rlua 2.08
modA -2.33  |nard 267 pabC -3.36  |ppiC -457 | gseB -2.25  [ruB -5.18
modB -3.02  |narP -216  |pal -2.93  |ppiD -4.63 | quel -4.28  [rluC -5.22
modC -318  [ndk -7.35 |panB -3.6 pps -4.05 |queC -3.54  [rluE -6.48
modE -355  |nemA -355 |panF -252 | pptA -2.5 queF -2.44  |[rluF -2.97
moes, -3.04 [nfnB 1 -255  |parC -2.86 | pqgi& -3.35  |radA =318 [rmf 2.29
moeB -285 |nfinB 2 -266  |pcnB -394 |pqiB -2.34  |rarD -4.02  [rmuC -3.27
mokC 2.27 nfo -3 pdhR -4.33  |pre -2.2 rbfa -282 |ma 1 -2.51
mota -297  |nkB_1 -2.45 | pdsA -3.91 | pria -2.26  |renR -2.85 [ma 2 -2.54
motB 291 [nHB 2 -206  |pd:B -265 |priB -2.99  |resA -412  [mb -2.51
mpad -2.25 | nfsd -2.5 pdsH -2.43 | priC -2.64  |rcsB -3.78  |rnd -3.07
mpl -313  [nhaB -3.62  [pdrY -2.28  |prid 271 fresC -3.92  [mnh& -2.81
mgo -2.31  [nhaR 3.36 pepl -356  |[priC -2.25  |resD -6.76  [mhB -3.34
mra'w -3.97  |nikA -2.95 |pepE -2.75  |prmB -345  |resF -2.78 |k 1 -6.76
mraz -6.1 nirD 2.7 pepl -218  |prmC -2.22  |rdaC -2.24  [mk_2 -6.6
mrcd -5.42  |nlpB -6.11 pepT -2.04  |prod 312 [recB -2.45  [mpA -24.83
mrcB -6.22  |nlpC -2.32 | pfkA 241 |proB -3.1 recC -5.61 |t -6.58
mrd&, 1 -3.5 nlpD -4.5 pfs -243  |proC -2.78  |recD -3.77  |rob -2.97
mrds,_2 -263  |nlpE -293  |pgaC -365 |proP 515 [recd -3.88  [rof -2.07
mrdB _1 -242  |nlpl -2.34  [pam -257  |proQ -3.77 |rechN -3.84  [rpe -2
mreB -39 norR -3.44  |pasA -2.35  |proS 557 |recQ 473 [rpi& -2.76
mreD -2.3 nor' -212  |pheP_1 -3.21 | prow -2.01  [recR -4.36  |rplA -7.25
mrp -2.29  |nrd& -2.07  |pheP 2 -3.96  |proY 417 [reck -1246  |rplB -9.88
msba -7.57  |nrdH -3.53  |pheS -2.2 prsa -3.4 reld -2.35  |rplC -11.36
msclL 213 nrdl -2.32  |phn& -12.95 |psd -2.95 |rep -261  |rplD -9.94
mtla, 2.15 nrdf -2.4 phnG 244  |psiF 377 |rfaB -2.72  |plE -7.26
mtlD 3.25 nrfs -2 phnL -2.26 | pspA -7.03  [rfaE -2.21  |rplF -6.24
mukB -265 |nudB -3.25 |phnO -2.84  |pspB -7.83  |rfaG -3.8 rpll -5.81
mukE -462 |nudE -5.28 |phnP -858  |pspC -7.78  |rfaH -2.99  |[rplJ -3.56
mukF -3 |nudF -217  |phoB -3.3 pspD -7.29  |rfaP -3.02  [rplK -6.92
murC -2.66 | nudG -257  |phoR -3.56 | pspE -3.82  |rfa@ -2.97  |rplL -7.04
murF -2.06  |nudJ -2.94  |phol 256 pssh -248  |rfaZ -268  [rplM -10.34
murG =377 |nuod -214  |php -2.34  |pth -3.36  |[rfe =342 |rplN -6.97
murP -251  |nuoB -2.64  [pita -2.81  |ptr& -344  |rthaB 2.08 rpl0 -6.19
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1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold
plP -6.22  |rspA -2.23  |simB -2.91  |tord -218  |uup -266  |ybaw -2.61
rplQ -416  |rspB -244  |ssb -443  |torR -369  |uwC -255  |ybaZ -3.82
plR -5.64  |rstd -2.58 [sscR -7.23  [torS -267  |uwD -6.23  |ubbA -2.67
plS -8.24  [rsud -7.22  |sspA -2.81  [torY -3.49  |uwrY -4.36  [ybbB -2.69
rplU -8.1 rsuf -417 | sspB -3.08  |torg -3.44  |vacd -3.38  |ybbJ -2.07
ply -9.05  |rskB -3.01 | sthA -2.32  |tppB -2.26  |walS -2.08  |ybbM 2.07
rpl'w -11.25  |nch -2.06  |stpA -2.54  |tpr -2.3 wead -214  |ubel -4.78
pl® -6.07  |rum& -2.73 | such 2.7 tpx -2.59  |wecak -2.33  |ubcd -2.35
ply -454  |rumB -257  |sucB 3.91 tqsa -3.63  |wibA 2271 |ybdD 1 -2.07
pma, -748 | rutE -258  |sucC 3.33 treB -2.74 | xapR -2.34  |ybdG 1 -4.44
rpmB 576 [rutR -2.34  |sucD 4.22 treR -3.25  |xerD -312  |uybdG 2 -4.6
rpmC -5.84  |ruvh -3.03  |[sufd 4.93 trkH -2.07  |usef -3.25  |ybdJ 1 -3.83
rpmD 705  |ruvB -213 | sufB 2.86 trma -462 |useB -3.47  |ybdJ 2 -5.87
rpmE 243 |ruvC -3.83  |[sufC 242 trmD -9.75 | uthd, -4.25  |ybes 1 517
rpmF -3.14  |rzpR -215 | suhB -512 | trml -4.89  |yaah -2.23  [ybed 2 -5.98
rpmG -2.76  |sanA -2.07  |suld -463  [trpH -2.83  |yaak -12.95 |[ybeB 1 -7.94
rpmH 1211 | sbeB -2.7 Surd, -10.86  [tpR 512 |yacC -345  |ybeB 2 -5.92
rpmd -352  |sbmA -2.79  |suyd -269  |tpS -2.36  |yacF -218  |ybeD 1 2.08
pof -495 |sdhC -2.07  [tadA 475 [trud 5.3 yadB -244  [ubeD 2 212
rpoB -2.06  |sech 2.65 tald 2.55 truB -2.95  |yadG -2.04  |uybeF 2 -2.36
rpoE -267  |secB -245  |tas -255  |truC -4.2 yadl -219  |ybeY 35
rpold -2.77  |secD -4.87  [ratd S35 [wxB -3.06  |yaeB -2.22  |ybeZ 3.26
rpoS -348  |secE -5.23  [tatB -3 tsf -258  |yaed -2.4 ybfB -2.23
rpol -2.03  |secF 401 |tatC -3.11 tsqd -3 yaeQ -2.43  |ubfD -2.58
psh -353  |secG -4.64  |tatD -256  |tsy -456  |yaeR -6.03 | ybtE -3.62
psB -3.44 | secM -2.7 tauB 2.06 [tk -3.35  |uyafd -2.89  |ubfF -3
rpsD -3.97  |secY -6.29  [tdcA 2.23 [{0{=] -4.52  |yafN -2.4 ybfh -2.48
rpsE -692  |selD 341 |tdeB 215 tyrP -2.85  |yafy -213  |ybfO -3.12
rpsF -1068 |seql -2.03  [tdcD 2.05 ﬂtyrS -4.3 yagl -2.42  |ubiP -9.74
rpsH -7 serB -4.35  [tesA -2.54  |ubiB -2.28  |yah& -5.02  [ybfQ -3.92
rpsl -10 setB -3.95 [tesB -3.66  |ubiE -446  |yahB -2.05  |ybgC -3.21
psd -125  |sisB -2.44 gt -4.27 | ubiF -253  |yaiE -2.89  |ybgD -2.08
rpskK -4.27 | sgbE -2.3 thiE 2.84  |ubiG -5.45  |yail -2.86  [ubgF -2.08
rpsivl -3.71  |sqbH 3.01 thiF 3 ubi® -3.37  |yai0 -214  |ybgH -2.99
rpshl -6.93  |sird -6.36  [thiG 2.34 ucpd, -2.86  |uaiT -2.83  |ubal -2.66
rps0 -279  |slp 9.84  |thiH 237 |udk -2.23  |yaiw -469  [ybgJ -2.9
psP -962  |sht -2.23 | thil -2.95  |udp -2.22  |yai¥ -156  [ybaS 2.27
psQ 457 [slyA -2.78  [thiK -213  |uad -257  [yaid -3.02  [ybha -3.48
psR -9.33  [shB -256  [thiS 3 ugpE 277 |uaiC -2.32 _ |ybhC -2.46
psS -10.25  [shD -2.64  [thra -6.28  [uhpA 566 |uaD -4.18  [ubhF -253
psT -12.33  |smpa -2.74  [thiB -3.07  |uhpB -5.2 yajG -7.08  |ubhJ -2.14
rpsl -651  |smpB -2.39  |thrS -2.03  |ulaC -2.37  |uajl -12.05  |ybhK -2.18
mas, -2.23  |[smtA, -3.56  [thys -2.02  |ulaD -213  |uaj@ -3.14  |ybhO 2.28
ma, 561 |speB -3.73  [tiaE -2.79  |ulaE -5.1 yajR -313  |ybhQ -5.3
rrmdJ 311 |speC -2.2 tig -4.28  |ulaF -4 ybaB -3.64  |ybhR -3.01
rsd -3.99  |speE 412 |tilS -4.05  [ulaR -2.28  |ubaJ -2.02  [ybhS -2.29
rsef, -3.068 | speG -265  |tmk -5.9 umuD -3.99  |ybaM -256 | ybiH -4.16
rseB -212 | spr -4.27  [tola -3.02  |ung -2.64  |ybaO -3.63  |ybiM 3.83
rseP -6.8 sprT 461 |tolB -3.44  |upp 567 |ybal -2.34  |uybiN -5.08
15q8 -3.73  |sra 7.09 tolQ -6.01  [usq -3.05  |ybaS £.95 ybiP -2.3
rsmB -2.01  |silA -214  |tolR -3.21  |uspB 2.51 ybaT 3.74 ybiR -3.97
rsmC -246  |slD -2.22  [topB -5.14  |uspE 2.02 yba -2.86  |ybiS -9.62
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ybiT -6.24  |ycgd -2.32  |ydgH 277 |yedA -241  |ufbY -2.76 | ulG -2.85
ybi' -2.74  |ycgl -2.72  |ydal -2.37  |yedD -3.71  |ufeC -8.89 | yfR -6.67
ybjiC -2.34  |ycaM -4.1 ydgT -251  |yedE -3.57  |ufeD -216  |ygaC -2.82
ybjD -2.37  |uycah -2.61  |udh& 1136 |yedF -3.74  |ufcE -2 ygalD -2.24
ybiE -2.96  |ycgR -2.3 ydhB -4.22  |yedl -3.93  |ufcH -2.96  |ygaF 3.09
ybjG -5.14  |ychE -2.86  |ydhC 241 |yedd -2.25  |ufel -2.58  |uygaH -2.63
ybjH -3.08  |ychd -2.99  |ydhd -2.22  |yedK -2.28  |ufcd -3.27  |ugaP -2.04
ybjJ -3.28  |ychN -357  |uydhM -6.4 yedR -2.57  |ufclL -9.44  |ygaT 2.84
ybjK -3.6 ychO -2.25  |ydhO -2.69  |yedw -6.76 | uyfcM -1 yga'y -2.91
ybiji -3.37  |ychQ -3.24  |ydhP -5 yedi -2.66  |ufch -2.74  |ugaZ2 -2.92
ybjo -3.45  |ychS -463  |ydhQ 35 yeeD -3.17  |yrdC -2.06 | ygbK -2.12
ybjP -2.04  |ycid -2.42  |udhY -4.71  |yeeE -3.23 | uyfd® -3.21  |yagbh -2.27
ybjQ -4.27  |yciC -2.5 ydis, -217  |yeeF -5.81 | ufdY -211 JuyabT -2.03
ybjR -3.63  |yciF 2.91 ydiL -263  |yeeS -2.46  |ufeC -2.97  |uged -2.61
ybjS -266  |yciH -3.76  |udiY 213 |yeeT -2.36 |ufeD -2.55  |ugew 2.44
ybjx -9.14  |yeil -3.77  |udi2 242 |yeeV¥ 216 |ufeG 211 |uygdE -2.5
ycaC 637 |uciK -3.41 |udja -3.36 |yeeWw -3.84  |ufeK -6.44  |ygdG -2.95
ycaD -3.79  |yciM -2.02  |ydjM -8.91  |yeeZ -2.05  |ufeR -3.02  |ygdK -3.25
ycad -394 |yeiT -4.06  |ydiN =353 |yefM 217 |yfeS -4.43  |yagdL -2.35
ycal -2.5 ycix -2.94  |ydiR -4.12  |yeql -2.64  |yfel -3.51  |ygd® -6.24
ycall -2.42  |ycjiD -2.82  |yeaG 3.44 yegP 17.92  |ufe'w -4.55  |ygdR -10.55
ycahR -3.99  |ucjF 4.36 yeaH 2.5 yeq) -2.52  |ufeX -5.51  |uged -2.47
ycbC =321 |uejG -243  |yeak -263  |yeqS -3.94  |yfeY -3.42  |ygeD -3.47
ycbF -2.27  |ucju 2.21 yeal -4.29  |yeqw -2.03  |uyfe2 -4.78  |ugeF 3.08
ycbd -213  |ucjx 658  |yeaM -3.31  |yehD -2.01  |yHB -4.31  |uygeG 517
ycbK -2.97  |udalL -2.36  |yeal -2.81  |yehE 3.06 yfftH -2.71  |ygeK 2.7
ycbL -2.75  |udbA -3.26  |yeaP -3.16  |yehL -3.58  |ufgd -3.53  |ugeR -3.15
ycb'w -7.39  |ydbD -2.28  |yeal 7.04 yeh'w -2.7 yfaB -3.16  |uafB -2.2
ycb -4.41  |ydbH 2.1 yeasS -4.4 yeiB -2.23  |ufaC -2.25  |uafG -2.09
ycbZ -5.16  |ydbJ -2.83  |yeal -5.97  |yeiE -346  |uyfgD -2.4 yafK -3.07
ycch -4.458  |ydcF -519  |uyebd -3.15  |yeiH -413  |ufgG -2.72  |ugf® -3.32
yccE 2.31 ydcH 296  |yebC -3.05  |yeil -2.43  |ufgd -5.91  |uafy -2.89
yccF -3.71  |ydcl -2.83  |yebE -26 yeil 272 yfgl -9.34  |uafZ -2.18
yccd 2663  |ydcM -214  |yebF -8.64  |yeit -2.32 | uyfgM -6.14  |yagaD -2.82
yeckK -257  |ydcP -354  |yebG -742  |yeiP -264  |uyfgD -212  |yagE -3.59
ycchl -2.28  |ydeS -265  |yebN -6.29  |yeiw -4.13  |uthB -3.46  |yggG -7.59
Yoo -5.64  |ydck -2.26  |yebO -2.02  |yejG -2.09 |yfthD -3.1 yggJ -4.03
ycdi -2.51  |ydeZ2 -259  |yebR -2.5 yejl -6.79 | ufhK -2.36 |uyggl -2.9
yedy -3.22  |yddE -2.01  |yebS -2.78  |yejM -3.66 | ufhL -4.14  |yagagh -3.86
ycdZ -6.14 | yddG -2.09  |yebT -2 yfaD -248  |ufhQ -2.61  |ygaS -2.52
yceB -5.61  |yddJ 238 |yebU -2.28  |ufaE -2.44 | uthR -3.09  |yaaT -2.43
yceD -13.51  |yddM -10.92  |yebZ2 -5.34  |yfaOD -2.32 | ufis 2.31 ygga -2.03
yceF -2 ydd'w -219  |yecD -3.57  |ufal -2.28 | ufiB -6.56  |ughA 2.32
ycelG -859  |ydes -264  |yecE -2.87  |yfaY -2.36  |yfiC -313  |yghB -2.25
yceh -255  |ydeH -3.26 |yecF -251  |ufbB -212 |uhE -2.43  |yghD -6.33
yceld -3.97  |uyded -4.42  |yecH -5.31  |ufbH -261 | uhF -2.84  |yghO -2.64
yctd -8.18  |uydel -2.9 yecd -2.88  |ufbJ -2.29 | ybiK -3.2 ygh'v -2.43
ycfl -2.31  |udfH -5.29  |yecM -263  |ufbN 2.68 | ufih -2.42  |ughZ -2.84
ycthi -2.2 ydfl -3.32  |yecO -216  |yfbQ -2.26 | yHO -3 ygis, -2.91
yctR -2.2 ydfR 235  |yecP -2.05  |ufbR -4.34 | ufiP -2.06  |uygiB -3.31
ycfS -2.02  |ydt2 -2.91  |yechR -262  |ufbT -2.83 | ufiR -4.2 ygiC -2.57
ycgB 3.35 ydgC -3.24  |yecT -2.02  |yfbU -2.77 | ufF -244  |uaiF -2.4
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ygiH -2.27  |yhh& 435  |yihG -2.02  |yjgP -6.8 yobd -3.65  |yB -2.59
yail 2.26  |yhhF -4 ik 236 |yjaQ -6.44  |yobB -3.38 |G -2.85
ygild -4.34  |uhhl -2.01  |yihP -3.23  |ujgW -3.82  |yobG -2.43  [ytiH -2.38
yaiT -2.03  |yhhd -2.83  |uih'W -2.55  [yjh® -467  |yobH -7.39  |utrd =217
ygi'w 3.87  |yhhK -3.05  |yiD 222 |yjie -2.58  |yodC -2.58  [ytiK 4.84
ygic 359  |yhhL -3.91  |uiiF -2.24  [yjiP 211 |yoeB -2.62 |yt -2.69
ygiD -3.3 yhhi -3.03  [yill -7.24  [yjia 2.81 yohC 952  |ytP -3.61
| ugjG 3.76  [yhhN -2.53  [yiiM 237 |ujiu -2.39  [yohd -2.84 [yt -2.69
| ugjiH 2.4 yhh3 -366  |uiiT 306 |ujiv -2.07  [yohK -2.21  |ytc -5.33
yagji -8.42  |yhhS -4.33  [yiil =319 [ujix -3.1 yohi -2.33  |zipA -2.23
ygjhJ -13.84  [yhiD 3.61 yiiz -4.69 | ujiv -2.88  |yohN 544 [zitB -2.39
ygjo -463  |yhiF 4.1 yiio -5.89  |yptD -3.25  |yohO -3.5 2nth, -9.61
| ugjP -2.97  |yhiJ 2.31 yifE -3.29  [ykgC 255  |yojL -2.42  |z2nuf -2.63
yhaC 2.74  |yhiM 689 |uijO -2.24  |ykgE -3.01  |yped -5.34  [z2nuB -3.3
yhaH 3.29  |yhiN -2.52  |uijP -2.29  |ykgl -418  |ypeC -17.01  [znuC -2.75
yhal 218 yhilR -2.52  |ujas -3.71 |ykgM 283  |upfG -15.42 |zraP -2.56
yhal -312  |yhiE 564 |yjaG 457 |ukid -2.98  |ypfd -216  |z2upT -2.18
yhak -2.03  |yhjH -2.45  |yjaH -6.03  [ylaC -2.38  |ugaA -2.81

yhal -6.24  |yhjJ -8.18  [yjbE 295  |ulbG -2.21  |yqaB -3.08

yhahl -2.61  |yhjR -217  |ujpF -2.22 |G -7.66  [ygcA -2.54

yhbC 561 |yiaD -13.51  |uyjbd 3.03  |ymcE 203 |ygcC -9.18

yhbE 1277 |uiaG 1134 [ujbL 2.14 ymdC -245  [ygeC -2.43

yhbG -3.31 [yiaH -7.62_ |yjbM 477  |ymgC -2.68  [ygeH 3.01

yhbh -2.97  |yiaM 2.16 yjibO -10.8  [ymgD -4.51  |ygeK 2.57

yhbP -2.47  |yia0 2.51 yjbQ -2.38  |ymgE 7.25  |ugiB -2.7

yhb -3.1 yibG 417 yjcB -453  |ymaG -865 [ygaC -213

yhbS -2.25  |yibK -219  [ujeD -317  [ymiA -2.38  |yqqgE -4.1

yhbT -212  |yibN 221 [ujcE -3.55  [ymja -4.83  [yqaF -4.03

yhblJ -4.43  |uibT 245  |ujcF 4.31 ymjC -2.25  |uyghA -3.068

yhby -366  |uicC 241 |yjcO -3.75  |ynbC -2.02  |yqiB -3.068

yhb'w -3.08  [uicE -2.7 yjdl 316 ynch, -341 [yqiC -3.94

yhbY -8.63  |uicH -2.44  |yjdd 3.34  |ynch -2.54  |ygja -3.26

yhecB -2.42  |yicM -219  [yjdK 498  |yneG -2.85  |ugiB -2.79

yhcC -6.66  |yich -4.43  [yjdL -457  [yneH -3.88  [uqgjl -2.0

yhcH 2.23 yicS -3.21  [yjdO 2.67 ynel -2.42  |yral -3.14

yhch -255  |yidC -16.42 |yjdP -12.3  |yned -3.43  [yraM -3.53

yhch -3.93  |yidD -2452  |ujeE -3.59  |unfA -2.737  |uraP -5.38

yhcO 17.25  |uidF -9.73  |ujeF -2.56  |ynfB -3.06 |yraQ -9.83

yhda -4.81  |yidH -2.34  |ujel -2.25  |ynftD -5.7 yralR -2.18

yhdH -3.3 yidl -5.87  |ujeM -212  |unfE -3.72  |urb& -4.46

yhdL -3.79  |yid@ -5.68  |yjeD -2.93  |ynfK -363  |ubB -8.53

yhdT 517 |yidR -5.02 |yjeS -2.04  [ynfL -2.23  |urbC -6.85

yhdU -2.28  |uid® 2312 |ujeT -3.31 [yniC -3.82  |urbD -3.63

yhd'w -2.01  |yiel 211 |yjfC -2.91  |yniD -2.79  |urbE -85

yheS -2.34 itk -363  |ujfiL -26 ynjE -3.85  |urbF -6.83

yheT 241 |yifL -215_ [ujfM -212  |unjF -2.65  |urbG -4.43

yhfs, -213  |uigG 217 yjfy 265  |yoas -2.53  |urbK -2.29

yhtK -2.58  |uigl 443 |ujf2 -2.52  |yoaB -2.81  |urfF -11.05

yhfY -2.4 yighP -3.99  |ujgF -2.85  [yoaD -2.64  |urfG 362

yhfZ -2.08  |yig2 -2.23  |ujgd -2.05  [yoaE -6.06  [yrhB -2.05

yhgE 2.25 yihA -2.36 | yjaM -2.06  [yoaF -4.25  [ysad -2.91

yhahl -3.35  |uihE -4.86  [uyjgN 3 yoaH 431 |ysaB -21.55



List of differentially expressed genes in the 50 [1g/mL samples.
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1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold
aaeh, 245 ansh, 3.42 asnC 2.02 caib, 211 clpP 211 cysC 5.16
aael 262 ansP 2.61 asnS 3.27 caiB 299 cls 2.21 cysD 4.36
aas 245 apaG 2.78 asph 2.35 caiF 4.07 coal 443 cyskE 259
aat 3.21 apaH 215 aspC 5.01 can 2.55 coalD 2.08 cysG 3.27
abgT 2.24 aph&, 3.82 aspS 249 carh, 9.1 coaE 3.29 cysH 572
acch 2.29 appA, 4.23 asr 9.75 carB 7.82 cobB 3.23 cysJ 5.65
accB 212 appB 6.79 asth 2.06 cbl 3.34 cobC 2 2.48 cyskK 473
accD 2.54 appC £.59 astD 215 chpa 3.7 copl 5.95 cysiil 3.51
aceh, 297 apt 2.21 atol, 2.2 cbph 243 corC 3.27 cysh 447
aceB 4.03 araH 2.08 atoC 216 cbrC 3.28 cpdA 2.21 cysP 347
aceE 3.42 arad 243 atoE 2.72 coma 2.26 cpdB 2.56 cysS 263
aceF 357 arcB 2.38 atph, 3.38 cemB 2.4 creh 1 241 cysl 2.86
acek 262 argh, 3.39 atpB 2.7 cemC 3.73 creh, 2 3.4 cysw 2.74
ackh, 3.72 argB 3.02 atpC 3.37 cemD 5.72 creB 1 3.36 dach 1 3.33
acnh, 272 argC 3.36 atpD 315 cemE 3.43 creB 2 253 dach 2 3.52
acnB 267 argD 5.15 atpE 2.74 cemF 3.64 crl 2.43 dada 3.03
acpH 2.27 argE 3.55 |atpF 343  |comG 209 |crp 349  [dadRr 2.38
acpP 313 argG 3.4 atpG 3.46 cemH 299 crr 3.1 dam 257
acpT 2.3 argH 266 |atpH 3.39  |cdaR 2.0 csg8 287  |dam¥ 2.46
acrh, 2.09 argl 3.6 atpl 238  |cedA 3.02 |csqB 298 |dapA 2.08
acrB 215 arg0 2.47 avtd, 2.15 chbB 2.25 csqC 2.28 dapB 4.47
acrR 211 argP 3.02 azoR 243 chbF 2.8 csph 218 dapD 4.4
acs 2.54 argh 248  |baeR 277 |chbG 2.1 cspC 633 |dapE 2.28
adhE 5.73 argT 2.38 bars 2.61 chbR 3.55 cspD 2.7 dapF 248
adhP 2.1 arnd, 2.2 bashk 3 cheB 2.34 cspE 1 4.76 ded 242
adiC 9.5 arnB 9.28 |basS 297  |cheWw 3.1 cspE 2 5.15 dem 2.16
adk 3.03 arnC 8.05 bep 4.91 chey 3.83 cspH -315  |[dep 3.56
agah, 246 arod, 4.91 betT 2.06 cheZ 215 csSrh, 2.43 decus, 2.87
agaB 2.3 aroB 242 bfd 6.3 cho 2.05 cuel 5.22 deuB 2.74
agal 218 aroC 291 bfr 813 chpf 3.21 cueR 2.08 deuC 1 2.51
agp 3.42 aroD 469 bals, 3.44 chpR 439 cusF 1 -3.75  |deuC 2 3.08
ahpC 1 5.11 aroE 2.29 balG 6.82 cirh, 6.76 cush 1 2.39 deyD 263
ahpC_2 535 |aroF 605 |bgH 206 |cita 1 2.0 cush_2 227 |ddla 2.66
ahpF 1 348  |aroG 488  |bgld 227 |citB 1 298 |cusS 1 217 def 2.9
ahpF 2 3.88 aroH 9.75 bioA 367 citB 2 312 cuts, 5.4 deqQ 2.21
aidB 242 |aroK 3.2 bioB 1012 |citC 1 258  |cvpA 233  |degS 2.04
ais 9.3 aroL 5.02 |bioC 437  |citC 2 226 |cwrh 235 |deoD 2.3
alaS 2.27 aroMl 257  |bioD 668 |[citD 1 3.4 cyat 296 |deoR 2.16
aldg 253  |aroP 848  |bioF 777 |citD 2 358  |cybB 233 |dfp 2.38
alks, 228  |arsB 352  |bipA 212 GitE_1 334  |cych 267 |dgka 2.88
allc 236 |arsC 5.05  |bir& 245 |citE 2 3.02  |cydA 203 |dgoR 2.74
allD 352  |arsR 354 |bisC 279 |citF 1 403  |cydC 3.24  |dgsA 2.34
allR 3.1 artl 548 |bolA 3.21 citF_2 394 |cydD 223 |daqt 2.8
alsK 245  |artd 848  |borD 1 342 |citG 1 386  |cynS 3.21 dhak 2.64
amiC 217 arth 3.19 borD 2 329  |citG 2 356  |cyn¥ 317 dhal 3
amn 4.18 antP 422  |bwuB 3.18 citT_1 484  |cyoh 208 |dhaM 2.93
ampD 2.33 ant 342  |btD 2.02  |citT 2 468  [cyoB 2.3 dinB 217
ampE 291 ascG 2.39 btuE 268 cit¥ 1 311 cyoC 2.56 dinD 2.41
ampG 2.1 asd 4.48 btuF 249 cit¥_2 3.5 cyoD 2.31 dinl 4.23
ampH 2.82 asma 2.36 btuR 2.4 cld 2.26 cyoE 3.22 dinJ 2.08
amtB 236 |asnA 463  |cadB 267  |clpA 2.15 cysh, 4 dipZ 346
amys, 2.96 asnB 398 |[cadC 295 |clpB 3 cysB 408  |djla 217
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djliB_1 2.51 entS 2 14.44  |fiu 2.1 frdC 242  |gmU 266 |gshA 243
djicC_2 202 |envC 2.18 fkiB 276 |frdD 204 |glnA 7.81 gshB 2.02
dksA, 2.0 envy 1 2.87  |fkpA 265  |fre 206 |qgnB 413 qsif 2.72
dlid 5.78  |epth 3.13 flda, 33 frm&A, 203  |ginD 217 gsiB 2.82
dmsA, 2.7 eptB 2.16 flgh, 632 |frr 3.03 |ginE 3.02  |gsiC 2.32
dmsB 303 |essD 2 2.21 flge 13.03  |frsA 204  |agnG 2.9 gsk 213
dmsC 249  |euwtE 203  |HgC 8.19 frwB 276 |aglinH 947  |gspG 2.37
dmsD 2.54 eutP 459 flgD 9.3 frwC 2.27 qlnK 415 gspK 2.06
dnaB 2.14 eygh, 456 flgE 9.16 fsah 2.44 qlnL 4.35 asplL 2.25
dnaC 217 exbB 6.08 flgF 762 fsaB 2.04 qlnP 5.36 gspl 2.34
dnaJ 2.4 exbD 5.12 flgG 6.41 fsr 3.07  |aginQ@ 454  |gsp0 2.81
dnak 3.25 ERON 249 flgH £.36 ftn 442 qinS 2.55 qss 3.3
dnal 258  |faba 2.74  |fql 433 |rsB 2.1 gloA, 368  |gst 2.08
dnai 244  |fabB 3.33  |flgd 278 |hsw 2.15 gloB 3 quad, 2.98
dps 36 fabG 213 FlgK 316 fuch 313 qlpA, -2.33  |quaB 2.38
dsbA, 277 |fabl 2.85  |flgL 336 |fucl 2.28  |alpE 232 |quaC 2.75
dsbG 1 434  |fabR 2.05  |figh 3.01 fuma, 297  |alpQ 2.14 qualD 2.22
dsbG_2 268  |fabZ 237 |fhA 263 |fumB 285  |ghta 464  |qurh 267
dsdC 213 fadB 2.15 fIhD 5.51 fur 273 |aB 669 |hcaB 2.07
dsdi 248  |fadl 268  |HiA 3.84  |fusA 366 |qtD 7.04  |hcaT 2.12
dsriB 2.4 fadR 21 fiD 275 |gabP 229  |akl 1 6.34  |her 2.09
dtd 2.14 fbas, 472  |HE 4.12 qabT 443 |gil 2 532 | hdef 28.09
dusC 2.01 fbaB 577 |HiF 594 |gadA 1749  |qltd 1 252 |hdeB 29.08
dut 2.14 fdhD 2.24  |HiG 3.91 gqadB 256  |gitd 2 307 hdeD 14.86
eaeH 228  |feaB 2.1 fliH 4.81 gadC 1.1 qltk_1 244 | hdh& 247
eama, 2.25  |fech 474  |Hil 442  |gadE 23.04 gk 2 3.26  |hemA, 2.34
ebgR 24 fecB 256 |Hid 443 |gadw 569  |gitL_1 476 |hemB 2.1
ecnB 3 fecC 2.28 FliK 373 gad® 5.82 qltL_2 3.94 hemC 2.25
eda 253 |fecl 7.84  |FiL 585 |qgalF 365  |git® 2.84  |hemD 2.35
efel 4.18 fech 4.06 | HiM 587 |qalR 2.21 qlzk 2.18 hemE 2.54
efp 242  |fepA 1 9.79  |fiN 777 |gall 2 glys, 457  |hemH 2.65
elad, 367  |feph 2 1.29  |HiO 2.84  |gapA 535  |al$S 26 hemL 2.89
elaB 4.2 fepB_1 5.23 |HiP 2.86  |garK 213 amhB 3.7 hemhJ 2.34
elaD 273 |fepB 2 6.7 HiQ 249  |[garR 2.1 gqmk 21 hemY 2.07
elbs 363  |fepC 1 536 |HiR 239  |gatC 2.15 qmir 252 |hiD 2.26
elbB 2.61 fepC_2 3.99  |HiS 353  |gocvA 2.91 gnd 424 | hiK 2.04
emrK 552 |fepD 1 673 |HIT 307 gcvH 658 |gnsA 2.92 | hHR 243
emry 358 |fepD 2 796 |HiY 488  |gcwP 5.28 |antR 3.02  |hig 3.2
emts, 245  |fepG 1 3.86  |HiZ 5.21 gcvR 5539  |gntY 273 |hinT 246
eno 5.01 fepG_2 3.0 fmt 2.18 gdhA, 7.32  |gor 244 | hipA 2.38
entd, 1 247 fes 1 7.04 fnr 345 afch 2.55 aph 2.8 hipB 2.25
entB 1 7.08 fes 2 12.27  |foch 3.74 qaqt 21 gpmA 5.67 his&, 3.99
entB_2 563 |fth 2.04  |folA 2.0 qlcC 208 [gpsA 242  |hisB 3.72
entC_1 15.22 | fhlA 2.22  |folD 4.2 qlcG 287 |agpt 2.4 hisC 3.12
entC_2 14.94 | fhud 402 |folE 442  |qldA 3.2 gred, 2.51 hisD 2.82
entD 1 359  |[fthuB 2.5 folK 258  |glgA 2.85 |groL 342  |hisF 3.91
entD_2 26 fhuC 2.4 foli 2.04 |qlgB 2.7 groS 344 |hisG 2.85
entE_1 886  |fthuD 253  |folP 242  |qlgC 288 |arpE 3.29 | hisH 3.68
entE 2 843 fhuE 2.36 fol® 3.28 qlgP 2.88 qrsd, B.66 hisl 3.35
entF_1 278 |fthuF 6.51 fpr 259  |aqlgS 3.51 qr:B 4.06 | hisd 457
entF_2 216 fieF 223 |hc 279 |alk 21 qriC 2.32 | hisM 5.17
entS 1 13.82  |HmZ 438 | frdA 2.3 glmi 2.16 grzD 269  |hisP 5.43
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hisQ 4.1 ilvi 2.81 livF 406  |map 2.7 modF 2.22  |napH 4.47
hisS 2.22 imp 262 livG 3.84 marR 2.53 moes 248 narG 4.85
hiyE 2.0 infa, 3.35 livH 21 mats 453 moeB 2.1 narH 3.23
hmp 10,02  |insA-3 251 livJ 2.79 matB 422 mog 2.04 narl 2.38
hns 2.57 insB-4 2.01 livk 2.92 mazG 3.08 motd 2.36 narJ 3.56
hokC -2.58 |insE-2 2.69 livil 3.18 mdaB 2.21 mpl 2.15 nark 2.79
hols,_2 203  |insG 2.02 |IdR 2.7 mdh 3.05 |mppA 2.61 narl 2.3
hpf 2.74 insl-3 3.79 Int 2.09 mdoD 2.75 mqo 2.37 narP 2.25
hpt 2.46 insJ 3 lolB 2.3 mdoG 232  |mgsR 547  |nar¥ 2.15
hscC_2 229  |intB 21 lolC 262 |mdiH 3.1 mraY 254 |ndh 5.65
hslO 2.25  |intD 256 |lolD 295  |mdtL 203  |mrdB_2 217 ndk 2.07
hsIR 2.46 iraP 3.87 I0lE 2.73 menB 2.68 mrp 2.56 nema 3.19
hslU 3.3 isch, 266 |lon 26 menC 236 |mscL 4458  |nfnB_1 2.59
hslV 3.28 isch 2.67 Ipca 276  |menF 243  |[mscS 275 |nfinB_2 2.64
htpG 293 iscS 25 Ipd 291 meps 2.39 msra 3.03 nfo 277
htpi 2.1 iscl 293 Ipp 2.98 mets 10.5 msyB 2.44 nfss, 2.35
htrE 243 ispB 257 Ipsd, 211 metB 7.54 mtla, 359 nhal 2.31
hup&, 3.35  |ispF 2.02 |lpzH 363  |metC 597 |mtD 2.75  |nhaB 2.39
hupB 2.7 ispG 253 Ipsh 2.1 metE £.39 mitr 6.15 nhaR 2.09
hyas, 4.96 ispl 217 IpsP 2.06 metF 8.54 mug 257 nhof 3.38
hyaB 4.21 ivbL 3.08 Irp 313 metG 35 murB 3.1 nik&, 293
hyaC 3.01 katE 243 |lsiC 2.1 metH 428  |murC 212 nikB 4.1
hyaD 3.86  |katG 355 |lsiF 248 |metl 427  |murD 289  |nikC 4.88
hyaE 2.06  |kbl 212 Is1G 259  |metd 3.15 murE 3.4 nikD 4.69
hyaF 226 |kch 1 355  |lsiR 296 |metK 484 |murF 296 | nikE 3.23
hybC 2.18 kdgR 287 |ItaE 2.71 metL 532  |murl 2.21 nikR 3.33
hybD 2.08  |kdgT 205  |luxS 454  |metN 507  |muti 235  |nirB 4.24
hycB 21 kdsa 2.97 lysA 356 |metQ 693  |mutS 212 nirC 6.63
hycC 259  |kdsB 244  |lysC 634 |metR 5.5 mutT 2.26  |nirD 4.54
hycD 3.65 | kdtA 2.18 lysP 323  |mid 343 |mviM 258  |nlpA 4.68
hycE 4.56 kefB 2.1 lysS 266 malB 292 nac 2.7 nlpC 2.31
hycF 4.6 kefC 218 lysU 3.08 magss 2.64 nads 4.02 nipl 2.16
hycG 5.7 kefF 242 maesh, 35 mhpa 2.33 nadB 3.02 nmpC_1 3.51
hycH 4.59 kqtP 2.46 mak 2.3 mhpR 254 [nadC 317 norR 2.18
hycl 4.08 ksgh 242 malE 438 miaf 2.45 nadD 1 346 npr 272
hydh 2.71 lach, 277 |malF 667 |minC 206  |nadD 2 3.5 nrdf, 2.09
iaad 3.16 lacl 2.08 malG 3.74  |minD 2.9 nadE 497  |nrdB 2.25
ibpA, 29 lacy 208 |mall 237  |minE 3.2 nadfR 223 |nrdE 2.04
ibpB 3.49 lamB 2363 |malK 2233  |mipA 2.27  |nagA 2.94 nrdH 4.23
icd 3.95  |ldcA 2.1 malfi 469  |mirA 2.24  |nagB 296 |nrdl 2.89
iclR 3.64  |ldh& 2.15 malP 693  |miE 283  |nagC 3.73  |nrdR 2.55
idnD 259 Idr, 217 mall 213 mitC 2.45 nagD 2.69 nrfA, 267
idnR 2.54 1drB -2 malS 5.2 mngFR 3.3 nagk 246 nrfC 257
idnT 2.04 leusS 1 2.33 malT 29 mnm& 2.3 nagz 247 nrfiD 265
ihfa, 2.22 leuS 2 2.33 mal® 2.71 moad, 3.07  [nanE 346  |nrfF 2.04
ihfB 2.05 lexd, 3.4 malY 3.08 moaB 3.48 nanfR 3.02 nsrR 2
ileS 2.01 Igt 259  |mal2 293  |moaC 569  |napA 794  |nudB 2.73
ilua, 372 ligB 212 mans, 239 moalD 2.51 napB £.91 nudC 2.64
v 247 lip4 1 2.81 mani 3.6 moaE 4.16 napC 3.06 nudE 2.31
ivC 307 lipa_2 273 |manY 344  |mobA 267  |napD 3.26 | nudF 3.05
ilvE 3.93 lipB 1 3.34 mang 367 mobB 213 napF 2.94 nudG 2.2
ilv 3.05 |lipB_ 2 2.91 maoC 219 modE 227 |napG 5.41 nudH 3.05
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nuddJ 2.6 pepD 4.32 pph& 2.24 puts 2.88 riEh 2.96 rpsl 2.7
nuos, 237 pepE 266 ppi& 218 putP 2.22 rHT 2.25 maB 4.24
nuoB 3.18 peph 3.27 ppiB £.91 puus 25 rhaR 2.28 nrma 2.14
nuoC 3.87  |pepP 294  |ppk 4.3 puuC 2.08 thaS 234 |rsd 3.59
nuoE 439 pepQ 3.31 ppta 2.93 puuP 2.29 thiB 2.44 rsgh, 21
nuoF 4.32 pepT 262 ppH 3.92 puuR 2.04 rho 2.58 rsmB 2.36
nuoG 477 pfkB 3.86 paiB 2 puk& 3.38 thtB 2.94 rsmC 2.08
nuoH 4.44 pHl&, 3.96 paqL 2.01 pukF 3.61 thtC 3.25 rspB 2.3
nuol 466 |[pfE 507 |prc 232 |puB 9 ribA 2.26  |rssA 2.36
nuodJ 478 pfiC 2.39 pris 2.3 purC 5.47 ribC 3.31 rsth 453
nuok 3.75 pfs 293 pri& 2.51 purD 4.04 ribE 2.66 stB 442
nuoL 4.04 paaB 213 pris 2.03 purE 368 ribF 2.05 tn 34
nuoh 4.87 paaC 242 prkB 2.03 purG 2.39 rihé 1 2.76 ruma, 258
nuoh 427  |pgaD 283  |priC 3.14 purH 2.49 rihd,_2 3.4 rutG 2.44
nupC 2.89 pai 5.02 prmB 3.07 purl 5.09 riml 2.37 ruth 299
nusB 215 pak 3 prof 213 purL 263 rimdJ 3.41 uvB 2.14
ompa 293 pal 2.92 proB 211 qor 3.03 rimL 2.85 ruvC 2.0
ompC 2.8 pam 2.23 proC 2.73 qseB 253 rlpa 1 2.87 rzoR -2.62
ompF 9.84 pap& 2.08 prod 2.33 queC 348 rlpd, 2 2.89 rzpD 1 373
ompT 1 3.34 papB 2.07 proS 2.55 queF 2.3 rlpB 1 2.21 rzpD 2 2.32
ompT_2 3.61 pasa 297 prsh, 3 rads, 2.03 rluC 212 rzpR 343
ompH 246 [phep 275  |psiF 2.1 rarD 2.22 rluD 2.21 sapha 2.76
oppa 5.87 pheS 3.36 pspa 218 rbsh, 257 rluE 2.34 sapB 3.75
oppB 468 pheT 2.71 pspB 2.08 bsB 4.25 rluF 3.08 sapC 2.34
oppC 4.3 phnH 293 pspC 2.22 bsC 3.33 rmf 3.96 sapD 255
oppD 4.27 phnd 213 pspD 2.43 rbsD 3.64 ma_1 2.43 sbcB 2.55
oppF 477 phoH 2.73 pspE 213 rbsK 293 ma 2 2.56 sbcC 2.86
orn 293 phoP 3 pspF 2.28 rcsh, 267 mb 3.27 sbcD 267
osmY 3.23 phoQ 2.29 pssh 2.61 resD 2.03 me 2.61 sbmC 2.88
otsh 2.32 phr 2.33 psta 2.02 resF 355 rnd 2.35 sbp 2.7
otsB 2.23 pio0 252 pstS 217 rdgC 3.3 me 3.09 sdaf 2.23
ORC 2.25 plsC 2.42 pta 4.31 rechl 2.07 mag 2.21 sdha 212
oxyR 218 pmba, 3.38  |pth 3.3 recO 2.05  |mnh& 287  |sdhB 2.15
paar 216 pmrD 2.97 ptsh 211 rech 262 mk_2 2.73 sdid, 3.3
paaY 2.88 pnch 356 ptsG 2.41 reld, 2.28 mt 216 sech 2.39
pal 2.66 pncB 252 ptsH 2.96 rfaB 3.51 rpe 2.41 secB 3.1
panB 2.97 pnta 2.83 ptsl 272 rfaC 3.8 pif 3.21 sechl 2.36
panC 3.62 pntE 2.24 ptsh 2.48 rfaD 3.78 piB 3.43 selB 2.95
panD 3.94 pnuC 2.87 ptsP 2.73 rfaE 265 piR 293 seqh 2.86
parC 2.29 pol&, 347 purf, 21 rfaF 2.83 rpll 2.55 serd, 7.24
parE 213 potB 2.22 purB 5.6 rfaG 2.75 rplT 2.58 serB 2.39
pbpG 3.88 potC 2.51 purC 452 rfal 3.08 rpll 2.02 serC 5.98
pck 2.26 potD 3.48 purD 3.78 rfad 4.22 rpma 2.08 sers 2.72
pcm 2.05 potF 3.34 purE 477 rfaP 242 rpmE 248 setC 2.96
pdhR 206 |potG 2.22  |purF 4.7 rfad 3.1 rpoB 267  |stmC 31
pdsf 2.2 potH 263 purH 468 rfaY 4.03 rpolC 268 sfmD 2.24
pdsB 2.39 potl 2.02 purk 4.04 rfaZ 3.86 rpol 2.2 sfsh, 2.0
pdsH 2.03 po:B 3.48 purl 517 rfe 217 rpol 262 stsB 24
pdid 233 |ppa 3.96  |purM 3.5 rHD 2.1 psh 2.1 sgbH 3.13
pdrK 3.06 ppc 653 purlJ 2.74 THE 2.09 psB 2.08 shid, 5.87
pepl 2.02 ppdB 241 purT 2.98 rHG 256 psG 212 skp 2.25
pepB 2.23 ppdC 2.37 purl 3.48 rffH 266 psT 2.4 slp 952
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slys, 259 tas 2.28 trpB 5343 |wzb 2.06 ybas 215 ybgE 213
syB 307 tath, 2.61 trpC 4561  |wac 2.3 ybaB 233 |ubgF 268
slyo 3.13 tatB 2.24 trpD B0.78  |wasC 292  |ybad 2.29  |ybgH 2.69
smf 21 tatC 212 trpE 46.74 |wzyE 2.27 ybak 246 ybal 2.35
smqg 2.44 tatE 1 252 trpR 263 w2zE 2.05 ybaM 25 ybgJ 211
smpE 3.05  |tatE 2 3.06  |upS 3.4 #apR 217 ybal 279  |ubgK 217
sodf 547 tausd, 3.25 trud, 3.22 #dhC 2.24 ybaP 3.22 ybg0 2.02
sodB 313 tauB 243 trsB 277 werC 2.58 ybal 3.34 ybgP 293
sohf, 232 |tauC 246 |wxC 31 #seB 208  |ybaS 262  |ybgS 246
sohB 3.26  |tdcC 2.4 tsf 2.2 stha, 233 |ybbC 3.45  |ubhA 2.27
sols, 448 tdcE 2.51 sy 2.03 #yls, 211 ybbL 3.18 ybhB 368
soxR 317 tdcG 2.14 ttch, 2.05 | wylE 222 |ybbM 3.62  |ybhC 2.87
soxS 286 |tdh 2.4 ttk 2.26  |yaad 2.8 ybbl 3.16 ybhl 2.1
sped 255  |tdk 3.29  |tura 232 |yaa¥ 2.61 ybbO 2.23  |ybhK 2.1
speB 2.05 tehd, 5.11 tus 2.34 yacC 2 ybb'w 3.4 ybhL 257
speC 462 tehB 4.29 tyrs, 7 yacF 212 ybcdJ 2.29 ybhi 2.76
speD 307 tesh, 209  |wiB 6.5 yacG 279 |ybcQ 243 |ubhN 249
speE 245  |tesB 205  |wrR 2.24  |yacH 2.25  |ybcS 1 482  |ybhP £.45
speG 245  |thiC 2467 |trS 2.06  |yadC 33 ybcS 2 3.0 ybhT 2.89
spoT 236 |thiD 407  |ubiB 2.06  |yadG 229  |ybdB 1 3.29  |ubiA 3.09
spol 2.09  |thiE 28.59 |ubiC 2.05  |yadK 238  |ybdD 1 483 |ubiB 2.22
sppa 297  |thiF 28.87 | ubiE 256 |yadlL 241 |ybdD 2 222 |ybiC 3.3
spr 4.51 thiG 3048 | ubiG 3.27  |yadR 307 ybdF 2 2.04  |ybil 3.01
spy 3 thiH 24.88 | ubiH 2.29  |yaeB 258  |ybdH 1 5.04  |ybiJ 2.99
sra 6.28  |thiK 212 ubi 262 |yaeH 379 |ybdH 2 489  |ybiM 2.4
srlD 213 thil 2.08 udk 35 yaeJ 213 ybdJ 1 2.2 ybill 293
srlE 3.83  |thiM 413 ugd 2.51 yaeP 2.21 ybdJ 2 3.34  |ybiv 2.3
ssb 243 |thiS 32.41  |ulaR 256 |yaeQ 234 |ybdL 1 542  |ubjD 2
ssch 249  |thra 293 |umuD 3.3 yafC 25 ybdL_2 593 |ubj 2.39
ssef, 2.08 thiB 262 ung 2.33 yafdJ 2.3 ybdi 1 2.81 ybjJ 211
sseB 2.09  |thiC 333  |upp 3.19 yafk 3.24  |ybdm 2 423 |ybjM 262
sstT 4.01 thrS 267 |urah 3.12 yafii 236 |ybdO 2 267 |ubjN 2.4
ss5ul 4.07  |thyd 3.39  |usha 296 |yafh 239 |ybdR_1 2.54  |ubjT 2.46
ssuB 276 |tiaE 2.29  |uspA 2.4 yafo 2.2 ybdZ 1 224 |ybjR 3.26
stha, 247 tig 2.3 uspB 262 yafP 2.23 ybes, 2 2.29 ycaC 5.92
stph, 2.91 tkts, 3.86  |uspE 255  |yafS 278 |ybeB 1 223 |ycaD 2.15
such 407  |tkeB 212 uwrC 2.61 yafT 2.07  |ybeB 2 262  |ycakK 2.02
sucB 3.6 tidD 2.55 uvrty 367 |yafZ -2.1 ybeD 1 3.08  |ycal 213
sucC 4.16 tols 2.08 uraC 257 yaghR 218 ybeD 2 3.06 ycahl 212
sucD 439  |tolC 396  |walS 21 yagT 2.8 ybel 1 267 |ycaO 262
Sufs, 508 |tonB 4.36 viad 246 |yagl 3.22  |ybel 2 266 |ycaP 2.57
sufB 268  |topA 258 |wisC 2.09  |yahB 2.01 ybel 1 3.49  |ycaR 2.91
sufD 213 torC 2.22 = 2.02 yahD 7.35 ybeQ 2 24 ycbG 252
sufl 242 |torY 203  |wcaC 212 yaid, 427 |ybeR_2 246 |ycbK 2.38
suhB 2.44 torZ 2.28 wcalD 4.26 yaiE 347 ybey 3.34 ycbL 2.3
suld 237 |tpia 469  |wcaE 259  |yail 273 |ybel 3.81 ycbQ 2.03
syd 234 |tpx 453  |wcaF 286 |yail 297 |ubfs 247 |ycbU 213
tals, 477 tred, 2.36 weal 2.25 yajc 3 ybfD 2.15 ychy 2.53
tale 3.81 treF 2.38 weak 2.09 yajD 36 ybfF 272 ycb'w 246
tam 2.88  |ukD 265  |wecal 233 3G 3.27  |ybfM 3.02  |ycbZ 2.03
tap 3.09  |trml 2.29 | wrbA 766 |uajL 2.16 ybgh, 3.73  |uyccA 257
tar 295  |tpA 6911 |waa 213 yajQ 25 ybgC 258  |yccE 2.14
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yecF 2.34 ycjl 253 ydh'w 345 yecC 266 yeil) 2.28 ythL 4.2
yccd 7.22 ycjiR 2.06 ydhix 4.02 yecE 21 yeiP 3.08 ythi 2.02
yccK 225  |ucjw 266 |udhY 3.03  |yecF 261 yeil 277 |ufis 2.05
yccl 3.22  |ycjRr 3N ydh2 21 yecH 2.89  |ueiT 262 |yhiD 3
YooK 354  |ycj2 2.08  |udia 392  |yecd 343 |yeil 3.74  |ubiF 2.24
yedT 2.4 ydahl 2.26  |ydiB 542  |yecM 257 |uejd 2 yhQ 2.37
ycdu 3.02  |ydbC 3.8 ydiE 3.99  |yech 261 yejH 269 |ufB 2.92
yedw 258  |ydbD 2.89  |uydiH 4.13 yecO 239 |uejK 202 |yHD 2.38
ycdi 2.91 ydbH 237 |udil 402  |yecP 2.16 yejl 239 |uhF 26
ycdy 3.01 ydbJ 256 |udiJ 645  |yecR 3.56  |yejM 2.16 yHG 2.29
yces, 2.4 ydbK 253 |udiN 259  |yecS 3.2 yfaD 238  |ufRr 2.73
yceF 242  |ydbL 2.51 ydio 276 |yedad 283  |ufaD 6.09 |ygaD 2.27
yceH 262 ydeC 4.3 ydiP 3.74 yedD 3.09 yfaw 243 ygaF 248
ycel 3.6 ydcD 2.29 ydif 21 yedE 3.38  |ufa¥ 3.57 ygaP 3.46
yced 212 ydcH 482 ydil 2.09 yedF 347 yfaZ 213 ygaT 3.7
ycel 2.4 ydcK 344 |udiv 2.0 yedk 2.06  |ufbd 276 |ygal 2.36
yctD 2.1 ydeL 3 ydiy' 2.4 yedP 242 |ufbO 243 |ygaV 4.78
ycfH 205  |ydcQ 29 ydiZ 458  |yedV 2.67  |ufbP 2.61 yga'w £.23
ycfl 247 |ydcR 253 |udja 272 |yedw 279  |ufbT 3.52  |ygb& 8.16
ycti 255  |udc¥ 369 |udiF 3.34  |yed® 3.01 yfblJ 368  |ugbE 4.36
ycfQ 2.1 ydcy 275 |udiG 242 |yed2 2.81 yrby 2.16 ygbl 2.01
yctR 4.38 ydcZ 297 ydjH 354 yeel, 21 yfb'w 2.05 yacB 262
yctS 2.25  |uyddA 3.45  |udjN 266 |yeeD 4 yfch 2.21 ygcE 2.2
ycfT 2.85 yddE 2.3 ydjo 3.4 yeeE 3.07 yfcD 2.24 ygcF 3.24
ycgB 3.93 |yddG 3.82  |udj® 453  |yeeF 236 |ufcE 2.29  |ugel 217
ycgE 249 yddy 433 ydjy £.49 yeel 3.2 yfcF 3.34 ygcO -2.51
ycgF 2.2 ydeE 2.81 ydi2 4.89 yee 2.23 yfcl 2.05 ygcP 2.85
ycgd 3.08 ydeH 202  |yeaD 532  |yeeh 7.2 yfcO 2.26 ygcQ 347
ycgk 2.14 ydel 2.28 yeak 2.39 yeer 5.04 yfcy 2.3 ygcl 242
ycgl 3.39  |yded 207 |yeaG 473 |yeel 233 |ufdF 362  |ygdD 2.1
ycgh 2.83  |ydeM 3.27  |yeaH 3.74 yegD 267  |ufdO 269  |ygdE 215
ycghl 2.94  |ydeM 223 |yeak 2.87  |yegE 232  |ufdP 7.92  |ygdG 2.02
ycgy 252 ydeD 377 yeal 2.29 yeqH 2.08 yrdQ 453 ygdH 3.25
ycgy 2.43 ydeP 2.4 yeahl 267 yegk 2.07 ybdT 3.58 ygdL 2.16
ychF 2.88  |ydeQ 287 |yeal 3.33  |yegP 5.91 yrdy 273 |ygdQ 2.24
ychd 4.01 ydeR 232 |yeaP 239 |yeaR 2.4 yrdy 256 |ygdR 2.4
ychi 289  |ydiG 495  |yeal 6.26  |uyeqT 2.3 yfdZ 275 |uged 37
ycid, 247 |uydfH 246 |yeaS 3.15 yeql 213 yfed, 2.24  |yafB 3.26
yeiE 2.51 ydagh 3.36 yeaT 3.2 yeqw 213 yfeC 2.29 yafl 2.07
yeiF 3.37 ydgD 2.3 yeaZ 2.91 yehD 293 yfeD 3.03 yafl) 2.16
yciH 2.39 ydgH 391 yebC 242 yehE 3.25 yfer 2.06 yafy 2.07
yeil 43 ydgl 21 yebE 237 |uehK 268 |uHB 254  |ugf2 2.64
ycik 25 ydgJ 3.72  |yebF 255  |uyehS 239 |ufftH 2.51 yggD 2.22
ycio 242  |ydhF 268  |yebG 342  |yehT 347 yfgd, 263  |uyggJ 21
ycil 2.02  |ydhd 2.1 yebK 2.24  |yehU 212 |ufaB 209  |yggl 2.97
yeiT 3 ydhi 4.39 yebO 39 yehZ 213 yfgD 248 ygahl 2.02
ycil 212 ydh0 2.46 yebl 2.23 yeid 3.31 yfaG 43 yggP 2.24
yei'w 4.85 ydhd 2.49 yebR 403 |yeiB 2.5 yfgH 2.98 ygqs 213
ycix 3.15 ydhR 444  |yebl 2.2 yeiE 2.28  |uyfgM 209  |yggT 2.08
ycjF 3.61 ydhS 2.16 yebt 3.1 yeiG 3.15 ytha 234 |yggl 219
yojG 2.03  |ydhU 275  |yebY 2.18 yeil 2.08  |ufthJ 2.25  |ygaWw 2.53
yciji 2.24 ydh'y 4.82 yech 2.3 yeil 2.38 yrhK 2.14 ygqaX 3.2
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yghs, 2.04  |yhhA 2.23  |uifL 3.8 yjeT 2.16 ynbD 253 |uphF 2.44
yghB 264 |yhhl 2.15 yigB 422 |yjtP 253 |unbE 5.16 yphH 2.27
yghO 2.06 yhh' 3.08 yigF 2.45 yjfZ2 259 ynch, 4.36 ygah, 218
yghQ 277 yhhi £.91 yigL 2.63 yjgd 2.25 yncB 213 yqaB 2.27
yghS 253 |yhhY 4.15 yig2 2.0 yjgB 203  |uyncC 246 |ugcE 2.03
yghl 3.64  |yhiD 19.57  |uih& 264  |ujgF 268  |uyncE 6.5 ygeF 3.08
ygiF 2.9 yhiF 6.29 yihD 4.1 yjgH 853 yncG 5.35 ygel 11.39
ygiH 2.24  |yhiM 694 |uihE 2.1 yjal 14.85  |uyneE 3.73  |uged 4.65
yagihJ 3.33  |yhiQ 273 |uikF 275 |ujgd 544  |yneH 2.38  |ugfa 2.45
ygiP 2.4 yhjs, 2.3 yihG 243 |ujoK 5.2 ynel 407  |ygfB 2.6
ygiQ 2.09 yhjC 2.3 yihl 2.85 yjghl 2.03 ynel 3.14 yqqB 3.09
ygis 2.7 yhiE 3.24  |uihL 288  |ujagR 222 |unf&, 259  |uyggC 2.65
ygiT 419 yhiG 238 |yihM 288  |ujhA 202 |unfB 268  |uyggD 2.34
ygi'w' 267 |uhjH 2.0 yihO 246 |yjhT 275  |uniC 3.15 yqqE 2.73
ygic -3.07 | yhjR 2196 |yihS 258  |ujhv 3.02  |unfE 2.15 ygqaF 2.08
ugiG 3.76  |uhjY 2.06  |uih¥ 228 |ujiA 29 ynfF 4.16 yghs, 217
ygjl 236 |uiaA 3.78  |uih'w 218 yjiG 236 |unfG 3.07  |ugia 2.04
ygjJ 257 |uiaB 469  |uiE 2 ujiK 278 |unfH 218 yqiB 2.4
| ugjt 222 |uiaC 3.52 i 355 [ujiP 246 |ynfO 3.74  |ugiC 242
ygiP 2.89  |uiaF 269 |G 218 yjia 283 |unid 2.14 yqiG 2.18
ygiR 3.39  |uiaG .45  |yiiM 2.1 yjjiu 3.05 |uniB 2.7 yqiH 2.25
| uaj 219 yiaH 2.08 i@ 364 [ujiv 222 |uniC 348 |ugiJ 2.0
yhaH 362 |yiad 2.1 yiil 272 |ujiw 207 |uniD 26 ygio 2.2
yhal 26 yiaT 2.08 i 293 [yjiv 213 ynjs, 456  |ugiF 2.14
yhad 244 |uial 2.91 i T 3.7 yito 207 |unjB 454  |ugiG 2.42
yhak 212 yibD 2.38  |uiil 2.16 ykgh, 339  |uniC 2.71 ygqH 5.38
yhal 2.2 yibF 398  |uio 249 |ukgB 4839  |unjD 2.25  |yraH 3.48
yhahl 2.07  |uibd 3.23 iR 307 ykgC 8.13 ynjE 539  |ural 2.55
yhatt 253 |uibL 254 |yjaG 253 |ukgD 25 unjl 238 |ural 2.76
yhbJ 2.51 yibh 2.88  |uyjbA 207 |ykgG 3.27  |yoah 2.14 yraf 2.62
yhb 276 |uibQ 2.08  |yjbB 232 |ykgH 717 yoabB 283 |uraN 3.48
yhbY 2.28  |uicC 279 |yjbD 509  |ukql 3.98  |yoaC 269  |urbA 24
yhecB 347 yicE 217 yjibE 562 ykagO -2.21  |yoaF 211 yrd 4, 356
yhcF 3.04  |uicG 219 yjibH 225  |ulbA 285  |yoaH 235  |urdB 2.79
yhcH 444 |uicl 2.06  |yjbl 3.26  |uylbE 204  |yobA 227 |yrdC 217
yhch 3.67  |uicd 275 |ujbJ 2.71 yliE 3.44  |yobD 3.32  |urdD 213
yhcO 299  |uicL 3.47  |yjbM 3.78  |uliF 209  |yobF 585  |ysgA 3.77
yhdH 2.1 yich 2.04  |yjbO 239 G 2.15 yobG 3.09  |ytes 491
yhdJ 237  |uicO 202 [ybQ 3.08  |ulid 203 |yobH 3.05  |uB 2.69
yhd'w 254  |uicR 2.07  |yjbR 253 |uliL 3.3 yoeB 223 |utE 9.7
yhd2 2.3 yids, 3.7 yjicD 248 |ymdA 369  |yohC 3.97  |utF 2.0
yhel 2.4 yidB 2.3 yjcH -215  |ymdE 242 |yohF 203 |G 3.93
yheD 269 yidK 2.39 yjcO 243 ymdF 4.31 yohH 2.37 ytfH 4.26
yhe' 3.4 yidL 448 |yjdA 243 |ymgA 4.28  |yohM 21 ytiP 2.82
yhta, 367 |uidZ 2.22  |yjidC 322  |ymgB 6.1 yohQ 342 |utjAa 2.99
yhfL 594  |uieG 2.6 yjdF 2.26  |ymgE 557  |uyojl 369  |wB 2.8
yhfT 2.24  |uieH 343 |yjdK 3.06  |ymgF 359  |ypdA 237 |yzfA 4.3
yhfw 2.03 yiel 25 yjid0o 2.06 ymgJ 2.7 ypdB 3.05 2aph, 248
yhfR 3.24  |uieK 2.0 yjeH 245  |uymiA 3.07  |ypdH -4.25 |zt 2.63
yhfY 355 yieP 2.22 yjel 3.21 ymja 347 yped, 2.25 Znud, 2.39
yht2 212 yifE 3.3 yjed 2.02 ynal 2.56 ypfh 257 2ur 342
yhaF 2.14 yifk 237 |yjeM 227 |unad 2.8 yph&, 3.94  |awf 29




List of differentially expressed genes in the 75 [1g/mL samples.

Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D Fold 1D
aceB 206 [cysN 246 |fucP -2 |iscl 202 |paal -2.01  |trpC 14.06
adhE 2.61 cysP 264 fumB 2.14 ivbL 2.08 pepD 2.02 trpD 19.45
agabB -2.99  [cysU 2.24 gath, 5.74 kdp& -218  |pHBE 292 trpE 22.29
agp 217 cys'y 2.01 qatB -3.33  [kagtP 2.2 pai 272 trsC 21
ahpC 1 213 dapB 277 govH 3.23 lamB 22.7 phoH 251 tyrd, 413
ahpC_2 219 dapD 277 |acwP 26 luzS 274 |ppc 474 |tiB 3.62
ais 358 deuB 21 qevhR 264 lysC 5.63 pta 212 uspF -2.22
amn 2.34  |ddp¥ -212  [aqdh& 411 malE 2409 (purB 219 weaF 2.58
aqp2 -2.44  [did 2.4 aln& 311 malF 5.71 purl 232 |yadN 213
argB 2.02 emry 212 alnH 316 malG 4.34 puts, 243 yafl 2.24
argD 2.28 eno 2.3 qlnkK 2.28 malk 24.28  |puud 218 yaftZ -2.66
argE 2.2 entC_1 248  |alnL 2.1 mall 426 |puuB 2.15 yahD 243
amnB 4.4 entD 1 2.83 glos, 272 malP 6.13 puuC 2.06 yais -3.13
arnC 203  |etp 2.05  |alta 338 [malS 436 [puuP 274  |ybbC 2.43
arod 269  |fadB 219 qitB 461 malZ 2.31 purB 2.5 ybcy 2 =
aroF 465  |[fepA 1 208 |qitD 443 [matd 2.21 purC 2.5 ybdL_1 212
aroG 265  |[fepd 2 218 qltl_1 3.26  [metd 3.6 purl 233 |ubdL 2 247
aroH 363 fepB 1 2.04 qltl 2 357 metB 2.35 racC = ybdZ 2 2.07
arol 236 |fimZ 207 |altd 1 2 metC 356  |rbsB 2.29  |ubfQ -26
aroP 3.99  |[flgA 3.19 qltk_2 213 metE 236 |rbsD 2.2 ybiC 2.02
arsB 236 |flaB 863 [altL_1 263 |metH 2.02 _ |mp& -2.28  |ubiv 2.03
arsh 358  |[HaC 847  [akL 2 286 [metl 2.01 rpmD -2.06  [ycaK 2.38
artl 247 flgD 71 apm#a 2.2 metQ 316 rsd 263 yctR 3.7
artJ 3.2 flgE .86 |[arzd 268  [metR 239 [rutE -2.09  [ycaF 2.05
asd 278 |HgF .24  |arB 217 modF 2.29  |[rzoR 7.27  |ucal 2
asnh, 262 HaG 5.65 asif, 2.2 mgsh 3.39 sdif, 273 yciF 3
asnB 268 flgH 477 gqspC 2.05 msré, 218 serd, 4.02 Yo'y 347
aspC 2.2 flgl 427 |hcaC 2.02  |mtr 275 |serC 3.3 yciji 3.06
bep 262  |[flgd 3.19 hdeD 2.01 nadE 276 |shia 244 |ucjh 3.22
bfr 293 |[fih& 2.04  |hisJ 2.3 nikB 2.07 speC 21 ycjo 2.91
balG -253  [HhE 2.07 _ [hisM 263 [nikD 224 |sstT 232 |ucjP 3
bioB 21 fIhD 248  |hisP 3.02 _ [nikE 202  |ssuB 2.02  |ycj@ 2.82
bioF 207 |Hi& 257  |hisQ 2.14 nlpa 3.05  [sucA 21 yciR 2.54
carh, 3.07 FHiE 3.87 hmp 3.9 nohB _1 248 sucB 2.05 ycis 3.04
carB 3.32  |HiF 4.18 hokE_2 -255  [nuoF 2.02  |sucC 222 |ueiT 2.66
chpR 2.08  |HiG 255  |hycE 2 nuoG 2.16 sucD 229 |ycjw 21
citG_1 212 fliH 3.09  [hycG 2.5 nuol 213 taud 3.03  |ydaT -2.01
coad 2.03  [Hil 296 [hycl 2.01 nuok 205 [tauB 245  |ydbL 3
coph, 367 |[HiJ 448 [hypC -218  [nuol 2.01 tdch =312 |yddV 3
cspC 2.61 FliL 3.21 [EEL 2.7 nuohi 2.24  [thiC 413 ydfG 216
cspH 2.27  [HiM 464 |icd 2.25  |nuol 207 [thiE 429  |ydfR 3.23
cueQ 3.09 [N 533  |idnD 2.21 ompF 5.47  [thiF 493 |ydf2 -2.24
cusF 1 -2.76  [HID 2.7 ilvC 298  |ompL 3.12 thiG 532  |ydagJ 2.03
cynS 2.3 HiS 3.16 insE-3 898 |ompT_1 244 [thiH 5.06  |ydhM 2.4
cysh, 266 [T 2.05 |insE-¢4 334 |ompT_ 2 253 [thiS 3.97  [udhR 2.14
cysB 2.02  [HiY 3.21 insF-1 479  |oppA 2.81 thiB 219 ydh' 3.92
cysC 265  |HiZ 2.88 |insF-2 4.18 oppB 263 [thrC 2.6 ydh' 2.29
cysD 252  [Hx& = insF-3 4.4 oppC 252  [torY 2.05  [ydh¥ 2.24
cysH 299  [focA 213 insJ 402 |oppD 26 torg 215 ydhY 2.27
cysd 3.02 folE 2.27 insh-1 2.23 oppF 273 tpi 2.25 ydhZ 2.08
cysK 299 Fruk -2.31  |iraP 259 osmB -2.06  [trpA 1246 [ydil 3.09
cysi 209  [ftn 3.26  |iscR 206 |paaG -2.22  |wpB 13106 [ydiJ 3.8
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Fold 1D Fold 1D
ydiZ 31 ykiB 3.84
ydjio 2.01 ymda, 3.93
ydjy 3.24 ymgF -3.31
ydjZ 2.2 ymis 28
yeaD 2.2 ynch, 2.36
yead 2.69 ynfF 2.72
yeald 2.83 ynfG 246
yebR 2.2 ynjE 2.52
yed® 2.03 yoaC 213
yeeD 2.02 yoalG 2.76
yeeX 2.02 yobF 2.82
yehC -2.65  |yohM 2.23
yehD 21 ygedJ -4.5
yehE 3.79 ygeK 315
yeil 2.79 ygaD -217
yfbO 232 |ugH 266
yfbl 2.1 ysgh, 215
yfeZ -215  [utfE 5.21
ytdP 2.14 ytiH 2.28
yrdQ 2.09  |zant& -2.22
kR -2.74
ygbs, 254
ygdH 2.0
ygeF -3.91
ygel -11.76
yail 2.03
ygis 213
ygiT 297
yhch, 2.16
yhtY 259
yhhi 2.9
yhhY 2.05
yhiS -4.71
yhjx -3.36
yiaG 2.94
yiaw -2.12
yibF 21
yidD -2.33
yidG 2.38
yihR 247
yjbD 3.28
yjbE 4.23
yjicF -2.14
yjfL 2.14
yjgH 4838
yjal 74
yjgJ 3.66
yjgK 2.65
ykgB 2.02
ykgC 4.02
ykaD 216
ykgO 14.83

155



