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ABSTRACT

QUATERNARY AMMONIUM COMPOUND RESISTANCE OF KLEBSIELLA
PNEUMONIAE AND KLEBSIELLA QUASIPNEUMONIAE STRAINS

ISOLATED FROM THE INTERNATIONAL SPACE STATION

By
Natasha Svetlana Sushenko
Dr. Brian P. Hedlund Dr. Duane P. Moser
Graduate Advisory Committee Chair Research Advisor/GAC Member
Professor of Biology Assistant Research Professor
University of Nevada, Las Vegas Desert Research Institute

The International Space Station (ISS) has been continuously inhabited for twenty-three
years and harbors a diverse population of microorganisms under conditions of microgravity,
elevated radiation, and relative isolation, including Biosafety Level 2 (BSL-2) opportunistic
pathogens. To sanitize surfaces on the ISS, astronauts use a combination of four antimicrobial
quaternary ammonium compounds (QACs). As the stresses of space flight are known to
stimulate virulence and antimicrobial resistance in bacteria, the frequent use of QAC
disinfectants on the ISS is of concern to NASA. This not only poses risks to astronauts during
future long-term space travel, but there is also a concern that these hypervirulent and multidrug-
resistant strains will be returned to Earth by astronauts.

For my master’s thesis, I studied strains of Klebsiella pneumoniae and Klebsiella
quasipneumoniae, opportunistic BSL-2 pathogens that were isolated from the interior surface
microbiome of the ISS, with particular emphasis on how these ISS-adapted strains differ from an

Earth-origin type strain when exposed to QACs. This thesis consists of four chapters: Chapter 1,

il



an introduction and literature review; Chapter 2, a description of the complete genome of a strain
of Klebsiella quasipneumoniae isolated from the ISS, which was published in 2022 in Microbial
Resource Announcements; Chapter 3, a study of the responses of both ISS- and Earth-origin
strains of Klebsiella to QAC exposure; and Chapter 4, a conclusion.

The first research chapter (Chapter 2) consists primarily of in silico work to complete the
genome of Klebsiella quasipneumoniae subsp. similipneumoniae strain [IF3SW-P1, isolated from
the ISS; this included assembly and annotation of the genome based on long-read Oxford
Nanopore Technology sequencing data. The completed genome was then analyzed for the
presence of putative virulence and antimicrobial resistance genes. The second research chapter
(Chapter 3) consists of experimental approaches to study the responses to QAC disinfectants by
both ISS- and Earth-origin strains of Klebsiella. This work included determining the minimum
inhibitory concentration (MIC) of QACs for each strain before conducting viability assays at
both sub-lethal and standard QAC concentrations. These viability assays included viability gPCR
using the viability dye PMAxx, and fluorescence microscopy conducted using LIVE/DEAD
BacLight viability dyes. This work showed significant differences in the response of the two
ISS-origin strains of Klebsiella, as well as differences between the ISS-origin strains and the
Earth-origin type strain, in both the amount of QACs required to inhibit growth of the strains and
in the responses of the strains after exposure to lethal QAC concentrations. This suggests the
ISS-origin strains, which are frequently exposed to QACs in the ISS environment, may be less

susceptible to QACs.

Y



ACKNOWLEDGEMENTS

Few things in life can be called a singular accomplishment, and this thesis is no
exception. This work could not have started without the work preceding it at NASA’s Jet
Propulsion Laboratory (JPL) overseen by principal investigator Dr. Kasthuri Venkateswaran,
who also provided me advice and feedback to much of the work in this thesis. Dr. Nitin Singh,
also from JPL, assisted with the bioinformatics work, as well as Scott Tighe of UVM, who
provided access to long-read sequencing as well as his depth of expertise in the field.

I would like to extend my gratitude to my committee members, Dr. Helen Wing and Dr.
Elisabeth Hausrath, for the expertise they provided and assistance they gave shaping this project,
and for their patience as I worked my way through this process. I also would like to thank Dr.
Boo Shan Tseng, not only for allowing me to use the departmental microscope and training me
on how to use it. For my first three semesters, she was my professor for journal club and
microbial ecology, and being in her classes had an indelible effect on how I think about science.

And of course, finally, Dr. Duane Moser and Dr. Brian Hedlund. Most students only get
one advisor, but I was fortunate enough to have two. To Duane, thank you for providing me with
the opportunity and support to work on such a special project in your lab these last few years,
and thank you again for sharing all your expertise and stories. I don’t think there’s anyone else
quite like you. To Brian, thank you for your guidance and support since I was an undergraduate
in your microbial ecology class. You and your class helped me realize that I especially loved
microbiology and that I wanted to pursue it. And I especially thank you for always doing what

you can to help me when I need it most.



Of course, I’'m also thankful for my two institutions, DRI’s Department of Hydrological
Sciences and UNLV’s School of Life Sciences. Most people don’t have two institutions either,
and [ was grateful to receive support from both when it was needed, via the DHS and VPR
graduate student fellowship and through a SoLS graduate teaching assistantship. I’'m also
grateful to my other funders, particularly Nevada NASA Programs who funded the original
project my thesis work was based upon via a NASA EPSCoR R3 grant to Dr. Moser, as well as
funded my work directly via the Nevada Space Grant graduate fellowship.

From the Moser lab, I’d like to thank postdoc Dr. Ali Saidi—not just for sharing his
broad expertise in microbiology and specifically for guiding me in this work, but for all the times
we nerded out about video games when we needed a break. To the grad students in other labs at
DRI—Adhee, Zak, Charlotte, and Tejinder—we were a small group, but we always stuck
together. And to the grad students at UNLYV too, particularly in Dr. Hedlund’s lab, who I wish I
could’ve known better if not for social distancing. And of course, to my cohort in the Moser lab,
Victoria Wuest and Molly Devlin. We were all we really had during those rough two pandemic
years, and we’ve truly been through it all together. I can’t imagine having done it without you
two.

As for outside of the lab, I am fortunate to be surrounded by people who love and support
me unconditionally, and the feeling is mutual. To my friends—Shaun & Rachel, Maegan &
Michael, Chris & Bailey, Kathy, Shaun, Skyler, Lorenzita, and more names I’m surely
missing—thank you for your support, through tears and smiles, and especially thank you for all
the good times we’ve shared. To my sister Sasha, I don’t think I could’ve been luckier than to
have you as a sister. I can’t wait to celebrate with you and Alex soon. And to my mom and dad—

you gave the world for us, and hopefully I can give something back to the world in exchange.

vi



Finally, to my fiancé, Sean Breckling, I offer my whole heart, though it can barely
compare to what you’ve done for me. Even as you were dealing with your own struggles, you
were always there for me, always telling me I could conquer the world if I wanted to do so. I
can’t tell you how much your support meant to me, how you helped me see the path forward. I'm

so excited that we’re starting our life together.

vii



DEDICATION

Nathan Josef Grill

February 22, 1987 — October 11, 2022

viii



TABLE OF CONTENTS

ABSTRACT ...ttt ettt et ettt ettt et e s bt bt st ateates et e benbeebeebeeneeneeneas il
ACKNOWLEDGEMENTS ...ttt sttt sttt ettt b e \%
DEDICATION ...ttt sttt ettt ettt b e et s e est e st et et e tebeebeebesneeneeneenes viii
LIST OF TABLES ... oottt b ettt b ettt ettt sbe bt st ene e Xi
LIST OF FIGURES ..ottt ettt sttt ettt e s e b e eaes xii
CHAPTER 1 INtrOQUCLION. .....coiuiiiiiiiiiieie ettt sttt ettt s 1
1.1 The International Space Station as a built environment ............c.cceceveeverienienenieneenennns 1
1.2 Spacecraft microbial MONITOTING.........eecuieriiiiieiieetieeie ettt ettt ettt e saeeteeseaeenbee e 2
1.3 ISS MICTODIOIME ...uiitiiiiiieieeiiesi ettt sttt sttt ettt be et sitesbeeeesanens 3
1.4 Pathogens on the ISS ..ottt et et 4
1.5 IntroduCtion tO KIEDSI@LLA .........cc.covueeeiiiiiiiiiiiiiieiesee ettt 5
1.6 OVETVIEW OF thESIS ..euviiiiiiiiiiiiesicee ettt ettt ettt sbe e sanen 6

CHAPTER 2 Complete Genome Sequence of Klebsiella quasipneumoniae subsp.

similipneumoniae Strain IF3SW-P1, Isolated from the International Space Station...................... 8
2.1 Graduate student involvement and general background.............cccceevieniiieniinciiinienieee, 8
2.2 ADSIIACE ...ttt ettt b et h ettt h et et beetesaeen 9
2.3 ANNOUNCEIMENT ...eiiiiiiiieiieeieeeite ettt ettt et sit et sbt e e beesat e et e e sbeesbeesaeeeabeesaeesbeesaneenneeneee 9
2.4 Data availability .......cccciiiiiiiiieiie ettt sbeetaeenaeens 11

X



2.5 ACKNOWIEAEMENLS......coiuiieiiiiiiieiiee ettt ettt et e st e et e e abeebeesnbeesaeenseens 11

CHAPTER 3 Sensitivity of Klebsiella Strains Isolated from the International Space Station

After Exposure to Quaternary Ammonium Compound Disinfectants............cocevevvevieneniennnne. 13
BT ADSIIACE ...ttt et b ettt b et e bte bttt e naeenees 13
3.2 TNEEOAUCHION ...ttt ettt ettt b et st b et e bt e bt et eeaeenbeenees 15
3.3 Materials and mMethOdS ..........coouiiiiiiiriiiiie e 18
3.4 Results and diSCUSSION .......ooueiuiiiiiiieieiieriteieet ettt sttt ettt et et nbe e 27
3.5 Limitations Of WOTK.....cc.eiiiiiiiiiieiieieees ettt st s 43

CHAPTER 4 CONCIUSION ...ttt sttt et sttt st 44

APPENDIX ..ottt ettt ettt ettt ettt b e bt ea e aeenten et e b et et teeas 47

REFERENCES ...ttt ettt ettt b e e bt et et e et e s enbenbeeaes 48

CURRICULUM VITAE ..ottt sttt sttt sbesaeene s 64



LIST OF TABLES

Table 1. Assembly and annotation iINfOrmMation ...........ccccecerierieiiniieninienieeeeeee e 12
Table 2. Strain INFOrMATION .....cc.eiiuiiiiiieiieeet ettt et sttt 19
Table 3. QAC CONCENIIATIONS .......uviiivieeeiieeeiieeeiieeeeteeeeteeeebeeestaeeestbeeetreeetseeesseessseesseeesseeens 20
Table 4. K. quasipneumoniae IF3SW-P1 viability qPCR ..........ccceeviiiiiiiiiiiiiececeeeeee 38
Table 5. K. pneumoniae F2-3P(2%*) viability qPCR........cccccoiiiiiiiiiiiieeeeece e 38
Table 6. K. pneumoniae 138837 viability QPCR .........c.ccooveveviviiriieieieeeeeeeeeeeeeeee et 38

Xi



LIST OF FIGURES

Figure 1. QAC MIC determination. ........cceeruerierierierienieeteeitesie ettt et sttt see e sae e 28
Figure 2. Killing curves after QAC treatment. ..........cocuevueeriirienienienienceeeeneee e 29
Figure 3. Phase-contrast microscopy of K. quasipneumoniae IF3SW-P1 with or without QAC

ETEALIMIEIIE ...ttt ettt e b e et e bt e et e bt st e a e et e bt e b st e e e et earees 31

Figure 4. Phase-contrast microscopy of K. pneumoniae F3-2P(2*) with or without QAC

ETEALIMIEIIE ...ttt ettt e b e et e bt e et e bt st e e an e et e bt et enat e et e et eanees 32
Figure 5. LIVE/DEAD fluorescence microScCoOpy CONtrolS ..........cccoueerueeriieniienieeniienieeieesveeneenn 34
Figure 6. LIVE/DEAD fluorescence microscopy after QAC treatment ...........c.ccceeevreneenneennen. 35

Xil



CHAPTER 1

Introduction

1.1 The International Space Station as a built environment

The International Space Station (ISS) occupies a unique position as both a built
environment and a nearly closed ecosystem, only opening approximately every 90 days for
recrewing and resupplying. Since its launch over twenty years ago, the ISS has been continually
occupied by a crew of up to seven astronauts who inhabit the station for an average of 3 to 6
months. Over this time, a total of 266 people from 20 nations have visited the ISS as astronauts
or space tourists, with many making repeat visits (1). The unique conditions on the ISS,
including microgravity, high radiation, and relative isolation are known to be stressful to humans
and microbes alike. These stresses of spaceflight are known to compromise the human immune
system, activate latent viral infections in humans, and trigger virulence and antimicrobial
resistance (AMR) in bacteria (2—5). As NASA’s strategic goals shift beyond low-Earth orbit to
both the Moon and to Mars, the safety of astronauts during long-term spaceflight is of increasing
importance (6, 7).

While vessels and supplies going to the ISS are assembled in clean rooms to prevent
bacterial and fungal contamination, it is not possible to separate crew members from their
microbiomes (8—10). As the first astronauts arrived on the ISS, their microbiota began colonizing
both the air filtration and water recycling systems as well as surfaces on the interior of the
station, the same as any other built environment on Earth (11). It is well-established that human

interactions with the various built environments they occupy, from homes to schools to hospitals,



lead to a constant exchange of their microbiota with that of the microbiomes of those built
environments (12—14). The spread of hypervirulent and multi-drug resistant (MDR) strains of
pathogens such as methicillin-resistant Staphylococcus aureus (MRSA) is known to be led by
interactions with the built environment of hospitals (15, 16). The potential that pathogens from
the ISS built environment could be returned to Earth is another concern that pushes NASA to

monitor the ISS microbiome under the tenet of planetary protection (17).

1.2 Spacecraft microbial monitoring

Space agencies have been aware of human microbiota colonizing the built environment
of spacecraft since the advent of spaceflight. As early as the 1960s, NASA tracked the
microbiota of Apollo astronauts before and after flight to document changes to their
microbiomes; less than a decade later, the interior surface microbiome of the space station
Skylab was compared to the microbiota of the crew to study the exchange of microbes between
host and environment (18, 19). The Soviet Union also monitored the surface microbiomes of
their space stations Salyut 6 and 7 throughout the 1970s and 1980s, with particular attention to
pathogen virulence and biofilm formation (20-22).

Skylab and Salyut were first-generation space stations designed to be intermittently
occupied for short periods, leaving the stations unoccupied for long stretches of time. The first
modular space station designed to be continually occupied was Mir, launched by the Soviet
Union in 1986. Mir was continually occupied for over ten years from 1989 until its
decommissioning in 1999, setting a record that would later be surpassed by the ISS. While the

Soviet space program monitored the microbiota of Mir, uncontrolled colonization of bacteria and



fungi quickly occurred due to inadequate cleaning procedures (23, 24). This microbiome
included technophilic extremophiles, which led to corrosion and degradation of critical hardware
on the station (25-27). As a result, a regular microbial monitoring program was implemented,

and rigorous cleaning procedures were designed to prevent further biocorrosion (28).

1.3 ISS microbiome

As the ISS was designed as a modular space station to support long-term continually
crewed spaceflight, much like Mir, routine microbial monitoring and rigorous cleaning
procedures have been in place since its launch in 2000 (29, 30). Samples from the water
recycling system, dust from HEPA filters, and interior surfaces have been frequently studied for
microbial characterization (31-40). Most of these early studies relied on traditional culture-based
or early molecular techniques such as amplicon sequencing to catalog and characterize the ISS
microbiome (41, 42). These culture-based techniques, however, miss a large fraction of microbes
that are not culturable under standard laboratory conditions, so more molecular technique
approaches are needed for ISS microbiome study (43).

Beginning in March 2015, NASA began the Microbial Tracking-1 project, the first study
of the ISS microbiome using a combination of both shotgun metagenome sequencing and
culture-based techniques. Eight sites across the space station were chosen for monitoring over
time, a mixture of high-contact surfaces such as the dining table and the cupola viewing window,
and low-contact surfaces such as stowage bays. The surface of each site was swabbed with a dry
sterile polyester wipe, which was then returned to Earth for processing. This procedure was

repeated across 15 months, with samples taken again in May 2015 and May 2016 (44). Microbial



monitoring with these techniques continues on the ISS, with Microbial Tracking-2 beginning in
2017 and Microbial Tracking-3 in 2021, which expanded to include tracking crewmembers’

microbiomes alongside the surface microbiome of the ISS (45, 46).

1.4 Pathogens on the ISS

Pathogenic bacteria have been a constant focus of microbial monitoring studies since
Apollo and continue to be a prominent focus of microbiome studies of the ISS. As previously
described (21, 47), the unique conditions of life on the ISS both suppress the human immune
system and promote virulence and antimicrobial resistance (AMR) in microbes. Microbes
developing these traits of increased pathogenicity appear to be doing so as survival adaptations to
the stresses of spaceflight, such as microgravity and increased background radiation (48-50).
Many of these pathogens detected on the ISS are known to form biofilms, a structure consisting
of a slimy matrix of extracellular polysaccharides, proteins, and nucleic acids (51, 52). Biofilms
are associated with both increased virulence and AMR on Earth and may provide protection to
bacteria from the physiological stress of microgravity (53).

The metagenomic sequencing used in Microbial Tracking-1 allowed for the assessment
of virulence and antimicrobial resistance genes in the ISS microbiome for the first time. Using
both broad functional analysis of the metagenome and specific amplicon-targeted analysis for
known genes, hundreds of AMR and virulence genes were detected (54). Additionally, the
abundance and diversity virulence and AMR genes, as well as Biosafety Level-2 (BSL-2)
pathogen community structure, was analyzed for each site over the three flights sampled. Across

the three flights, reads assigned to Klebsiella pneumoniae, an opportunistic BSL-2 pathogen, not



only increased in number but increased from being detected in just three sites during Flight 1 to
being detected in all but one site in Flight 3 (55). Additionally, culture-based studies of the ISS

samples resulted in the isolation and genome sequencing of 11 strains of Klebsiella spp. (56, 57).

1.5 Introduction to Klebsiella

The genus Klebsiella is a member of the family Enterobacteriaceae, and consists of
Gram-negative, facultatively anaerobic, non-motile, rod-shaped bacteria. The genus is commonly
found in nature, from environmental microbiomes like soil and water to human and animal
microbiomes. Klebsiella pneumoniae, the best-studied species of this genus, was first described
in 1887 and is a causative agent for pneumonia and urinary tract infections in neonates, the
elderly, and the immunocompromised (58). Klebsiella quasipneumoniae was previously
described as two phylogroups of K. pneumoniae before being identified as a novel species in
2014 (59). Both species are known to have hypervirulent, multi-drug resistant (MDR) strains that
result in both hospital- and community-acquired infections (60—-64).

Virulence and AMR in K. pneumoniae and K. quasipneumoniae is commonly associated
with carbapenamases and biofilm production (65, 66). Multi-drug resistant strains of Klebsiella
have the gene Klebsiella pneumoniae carbapenamase (kpc), which encodes the KPC
carbapenamase that provides active resistance to all beta-lactam antibiotics and is now widely
detected among Gram-negative bacteria (67—69). All Klebsiella strains produce a thick capsule
layer of polysaccharides that are both a protective structure on their own and promote biofilm

formation, which contributes to AMR (70). Some hypervirulent strains of Klebsiella produce a



hypermucoviscous phenotype, where production of the K1 and K2 capsule serotypes are

overexpressed, producing a thick, mucoid biofilm that further increases AMR (71).

1.6 Overview of thesis

For my thesis research, I studied strains of two Klebsiella species isolated from the
surface of the ISS during Microbial Tracking-1: Klebsiella pneumoniae subsp. pneumoniae strain
F3-2P(2*) and Klebsiella quasipneumoniae subsp. similipneumoniae strain IF3SW-P1 (56, 57).
These two strains were isolated from the Waste and Hygiene Compartment wall panel and the
Advanced Resistive Exercise Device foot panel during Flight 1 and Flight 3, respectively (44).
These strains were of particular interest due to the prominence of metagenomic reads mapping to
Klebsiella across all three flights (55).

The goal of this work was to investigate putative virulence and AMR genes of these two
strains, particularly against the quaternary ammonium compound (QAC) disinfectants used on
the ISS. QAC disinfectants work by disrupting cell membranes, leading to lysis, and are widely
used in industrial and medical applications due to their favorable safety profile. However, QAC
resistance associated with efflux pumps is well-documented (72), and K. pneumoniae and K.
quasipneumoniae are frequently associated with MDR efflux pumps (62-64).

Considering the high prevalence of Klebsiella reads in the ISS surface microbiome, this
work aims to investigate QAC resistance in these ISS-origin strains of Klebsiella compared to
Earth-origin strains. To do so, I used both bioinformatic approaches to assemble, annotate, and
interpret the genome of strain IF3SW-P1, as described in Chapter 2; and laboratory approaches

including minimum inhibitory concentration (MIC) determination, viability assays such as



PMAxx viability qPCR, and LIVE/DEAD fluorescence microscopy, as described in Chapter 3.

Finally, I will discuss the results of this work and continuing questions in this field.



CHAPTER 2

Complete Genome Sequence of Klebsiella quasipneumoniae subsp. similipneumoniae
Strain IF3SW-P1, Isolated from the International Space Station
Published in Microbiology Resource Announcements
23 June 2022 (doi: 10.1128/mra.00476-22)

Natasha S. Sushenko, Nitin K. Singh, Daniel L. Vellone, Scott W. Tighe,

Brian P. Hedlund, Kasthuri Venkateswaran, Duane P. Moser

ASM publishes Microbiology Resource Announcements content under a Creative Commons
Attribution 4.0 International license. The author(s) retains copyright under this license. Others
may read, download, copy, distribute, print, search, adapt, link to, reorganize, and build upon the
published work for any purpose, even commercially, as long as credit to the author and original

article is given.

2.1 Graduate student involvement and general background

Chapter 2 represents a manuscript published in Microbiology Resource Announcements
on work primarily completed by me as a part of my thesis project. I (NSS) extracted the genomic
DNA, assembled, circularized, and polished the resulting sequence data, annotated the completed
genome, analyzed the annotated genome, and wrote the manuscript. Access to Oxford Nanopore
Technology sequencing was provided by SWT and conducted by SWT and DLV. NKS and KV
provided guidance on bioinformatic analyses. BPH and DPM supervised the work and assisted

with revising the manuscript.



2.2 Abstract

The 5.2-Mb circular genome of Klebsiella quasipneumoniae subsp. similipneumoniae
strain IF3SW-P1, isolated from the International Space Station, was sequenced using Oxford
Nanopore Technologies. The genome lacks a megaplasmid typical of hypervirulent and
multidrug-resistant Klebsiella strains but does contain a chromosomally encoded OgxAB efflux

pump associated with carbapenem resistance.

2.3 Announcement

In 2014, two phylogroups of the opportunistic pathogen Klebsiella pneumoniae were
described as the novel species Klebsiella quasipneumoniae (59) . Since its definition as a species,
K. quasipneumoniae has emerged as an understudied human pathogen with hypervirulent,
multidrug-resistant (MDR), carbapenem-resistant, and hypermucoviscous strains isolated from
both hospital-borne and community-acquired infections (44, 60-62). Considering its prevalence
on the International Space Station (ISS) (56), the newly recognized pathogenicity of K.
quasipneumoniae increases concerns about the consequences of this species being exposed to the
stresses of spaceflight, which are known to trigger bacterial virulence and antimicrobial
resistance (2, 3, 21, 47).

Strain [IF3SW-P1 was isolated from the surface of the foot panel of the Advanced
Resistive Exercise Device (ARED) on the ISS on 4 March 2015 (44) using a standard spread
plate method on Reasoner’s 2A (R2A) agar and archived in glycerol cryostocks (56). For this

study, strain [IF3SW-P1 was subcultured from cryostock and grown to late exponential phase in



Trypticase soy broth (TSB) at 37°C; genomic DNA was then extracted using the DOE Joint
Genome Institute bacterial genomic DNA isolation protocol (73).

Oxford Nanopore Technologies sequencing was performed using a GridlON MK1
sequencer on a R10.4 flow cell (FLO-MIN112) with a library synthesized from Q20+ EA (early
access) ligation reagents (SQK-LSK112-XL). The raw reads were base called using MinKNOW
v29.10.8, with a mean quality score of 16.3 and a mode of 18.03. The genome was assembled,
circularized, and polished using Flye v2.9 with the parameters —nano-hq and —read-error 0.03
for the Q20+ data (74). The Flye-generated assembly contains two contigs, one 5.2-Mb circular
chromosome and one 3-kb linear fragment confirmed via BLASTN v2.12.0 to be 99.8% identical
to Escherichia coli strain Q4552 plasmid pECQ4552 THUOS (GenBank accession number
CP077071.1) (75). Notably, the genome does not encode any virulence- or drug resistance-
associated plasmids, such as b/laKPC and Inc(FII), which are known to occur in Klebsiella
species (76).

The genome was identified as K. quasipneumoniae subsp. similipneumoniae by
calculating the average nucleotide identity (ANI) using the EzBioCloud calculator compared to
the two subspecies’ type strains, K. quasipneumoniae subsp. quasipneumoniae 01A030" (ANI,
96.63%) and K. quasipneumoniae subsp. similipneumoniae 07A044" (ANI, 99.03%) (77). Strain
IF3SW-P1 is also related to but distinct from eight previously published draft genomes of K.
quasipneumoniae strains isolated from the ISS, with >99% ANI for all (56).

The assembly was annotated using RASTtk v1.3.0 (78) as part of the Pathosystems
Resource Integration Center (PATRIC) v3.6.12 (79). Predicted virulence genes on the
chromosome include iut4, which encodes a ferric aerobactin receptor, although the gene

encoding the associated siderophore aerobactin (iucA) is not present (80). The IF3SW-P1

10



genome also contains genes for the multidrug resistance efflux pump OqxAB, associated with
carbapenem resistance in K. pneumoniae (81, 82). OgxAB is reported to be associated with
resistance to benzalkonium chloride, a quaternary ammonium compound used as a disinfectant
on the ISS (44). Default parameters were used for all software unless otherwise specified.

Additional assembly and annotation information is listed in Table 1.

2.4 Data availability
The genomic assembly and raw reads have been deposited at GenBank (accession
number CP092121) and the Sequence Read Archive (SRR17974437). These data are also

available at NASA GeneLab (GLDS-470).
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Table 1. Assembly and annotation information

Characteristic Data
Strain name IF3SW-P1
ISS sampling date 4 March 2015

Location

ARED foot panel

Nearest species

K. quasipneumoniae subsp. similipneumoniae 07A044"

ANI (%) 99.03

No. of raw reads 364,351,976
Genome size (bp) 5,238,176
N50 (bp) 5,238,176

No. of contigs

2 (1 chromosomal, 1 linear fragment)

Median coverage (x) 62

G+C content (%) 58.06

No. of coding sequences 4,998
GenBank accession no. CP092121
SRA accession no. SRR17974437
GeneLab accession no. GLDS-470
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CHAPTER 3

Sensitivity of Klebsiella Strains Isolated from the International Space Station After

Exposure to Quaternary Ammonium Compound Disinfectants

3.1 Abstract

Recent metagenome studies of International Space Station (ISS) interior surfaces have
shown Klebsiella pneumoniae to be the most prevalent biosafety level 2 (BSL-2) organism in the
ISS microbiome. Multi-drug resistant (MDR) strains of Klebsiella species are known to carry
genes encoding efflux pumps, which confer resistance to many antibiotics as well as common
disinfectants such as quaternary ammonium compounds (QACs). QACs are used to sanitize
surfaces on the ISS, but the effects of QACs on Klebsiella are poorly understood. This study
evaluated the responses of two Klebsiella strains isolated from the ISS, Klebsiella
quasipneumoniae IF3SW-P1 and K. pneumoniae F3-2P(2*), to the QAC disinfectants used on
the ISS. Minimum inhibitory concentration (MIC) assays using the QAC mixture showed K.
pneumoniae F3-2P(2*) was able to grow when exposed to a higher QAC concentration than K.
quasipneumoniae IF3SW-P1. Measurement of culture turbidity and cell appearance under phase-
contrast microscopy also showed stationary-phase cells of K. quasipneumoniae IF3SW-P1 to be
more sensitive to QAC killing than K. pneumoniae F3-2P(2%*) cells. Strain [IF3SW-P1 lysed after
QAC treatment, while the cells of strain F3-2P(2*) clumped together. Fluorescence microscopy
using LIVE/DEAD viability dyes identified viable cells inside these clumps; however, these cells
were not viable on standard plate assays. Furthermore, a viability qPCR assay using PMAXxx at a

range of concentrations also showed that strain K. pneumoniae F3-2P(2*) remained viable at
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higher QAC concentrations than K. quasipneumoniae IF3SW-P1, and also its type strain, K.
pneumoniae 13883". This study suggests frequent cleaning of ISS surfaces with QACs is
selecting for strains that are resistant to QACs, which may increase risk of infection among
astronauts; based on these results, more research should be done to elucidate the prevalence of

QAC resistance on the ISS so NASA can determine whether their use should be discontinued.
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3.2 Introduction

In 2015, NASA initiated Microbial Tracking-1, a large-scale microbial monitoring
project of the ISS in which astronauts sampled eight surfaces over three flights across a 15-
month timespan and the resulting samples were returned to Earth for both traditional culture-
based studies and molecular techniques such as amplicon-targeted and shotgun metagenome
analyses (44, 54-56). Of the 318 total bacterial species identified, 16 were BSL-2 pathogens, and
eight were observed in all three flights, with the highest abundance of BSL-2 pathogens at the
final time point (44, 55). The dominant BSL-2 pathogen detected on the ISS was Klebsiella
pneumoniae, an enteric bacterium and common opportunistic pathogen, which accounted for
60% of the total BSL-2 metagenomic reads. The relative abundance of K. pneumoniae reads was
more than twice as high on Flight 3 compared to Flights 1 and 2. Correspondingly, analysis of
the overall metagenome of the ISS, with reads normalized between the three flights, showed 50%
higher relative abundance of reads for genes associated with virulence and 100% higher reads for
genes associated with antimicrobial resistance (AMR) between Flight 1 and 3 (55).

K. pneumoniae is one of the named ESKAPE pathogens (Enterococcus faecium,

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas

aeruginosa, Enterobacter species), known not only for its risks to human health as an
opportunistic pathogen but also as a vessel for AMR genes that can be passed to other bacteria
via horizontal gene transfer (58, 66). Klebsiella species are known to carry AMR and multi-drug
resistance (MDR) genes such as ogx4B, which encodes an efflux pump associated with MDR
(82). The presence and expression of efflux pumps in Enterobacteria like K. pneumoniae is not
only a reason for the rise in resistance to many common antibiotics, but efflux pumps have also

been shown to confer resistance to QAC disinfectants like benzalkonium chloride (72, 99).
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QAC:s consist of salts of quaternary ammonium cations, which consist of a positively
charged nitrogen ion at the center with four substituent arms consisting of alkyl or aryl groups.
The alkyl arms often consist of long, bulky chains that are believed to disrupt cell membranes,
leading to cell lysis and death (83). These compounds are the active ingredient in many common
disinfectants used in industrial and medical settings as well as in household cleansers due to their
high safety profile for humans and other animals (84). Beyond disinfectant usage, QACs are also
ingredients in other common consumer and industrial goods, leading to the presence of QACs in
wastewater effluent (85). Bacterial resistance to QACs is understudied relative to other classes of
antimicrobial compounds, but Gram-negative bacteria such as Klebsiella are known to have
emerging resistance (86). QAC resistance is particularly associated with the overexpression of
efflux pumps and reduced expression of membrane porins, as well as associated with strains that
have a hypermucoviscous phenotype (72, 87, 88).

In this work, I studied two strains of Klebsiella isolated from the ISS during Microbial
Tracking-1, K. pneumoniae F3-2P(2%*), described in Solomon 2020 (57), and K.
quasipneumoniae IF3SW-P1, described in Chapter 2 of this work (previously published as
Sushenko 2022) (56). These strains had not only been exposed to spaceflight conditions such as
microgravity and increased radiation, but they were isolated from ISS surfaces that were
sanitized at least once weekly with wipes containing a mixture of QACs. My objective was to
elucidate the responses of these ISS-origin Klebsiella strains to the QAC mixture used on the
space station by determining the minimum inhibitory concentration (MIC) for each strain and
studying the responses of stationary-phase cells of each strain to QAC exposure. For the latter, I

used techniques such as killing curves and phase-contrast microscopy to see if cultures survived
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after treatment with QAC:s, in addition to viability assays such as LIVE/DEAD fluorescence

microscopy and PMAxx qPCR to determine culture viability at different QAC concentrations.

17



3.3 Materials and methods

Strains and experimental conditions

Strains of Klebsiella used in this work are described in Table 2. K. pneumoniae subsp.
pneumoniae F3-P2(2*) and K. quasipneumoniae subsp. similipneumoniae IF3SW-P1 were
isolated from interior surfaces of the ISS during the Microbial Tracking-1 project (44). A draft
genome of K. pneumoniae F3-2P(2*) was previously published, while a complete genome of K.
quasipneumoniae IF3SW-P1 was described in Chapter 2 of this thesis (57. 58). The type strain,
K. pneumoniae subsp. pneumoniae (ATCC 13883T), which has 99.01% average nucleotide
identity (ANI) to strain F3-P2(2*) (57), was obtained from ATCC to serve as an Earth-origin
control. Unless otherwise stated, all strains were cultivated from freezer stocks in 10 mL of 0.1X
tryptic soy broth (TSB) (Sigma-Aldrich) in 125 mL Erlenmeyer flasks with shaking at 150 RPM.
This diluted media was taken from an inherited protocol from previous work at JPL, intended to
replicate low nutrient availability on ISS surfaces. Strains were incubated at either 37°C (optimal
growth temperature) or 23°C (approximate room temperature on ISS). If grown on solid media,
strains were grown on 0.1X TSB solidified with 1.5% microbiology-grade agar (TSA, Sigma-

Aldrich).
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Table 2. Strain information

Strain name Source Obtained from | Ref.
Klebsiella quasipneumoniae subsp. | Waste and Hygiene JPL (57)
similipneumoniae strain F3-P2(2*) | Compartment (WHC) wall

panel on ISS
Klebsiella pneumoniae subsp. Advanced Resistive JPL (56)
pneumoniae strain [IF3SW-P1 Exercise Device (ARED)

foot panel on ISS
Klebsiella pneumoniae subsp. Type strain (isolated by ATCC (89)
pneumoniae strain 138837 Schroeter 1886)

To test Klebsiella strains for a hypermucoviscous phenotype, the string test was used
(94). Strains were streaked on 5% blood agar hemolysis plates (Hardy Diagnostics) and
incubated overnight at 37°C. A sterile loop was then used to touch and lift an individual colony.
If a viscous string >5 mm formed, the strain was considered to have a hypermucoviscous
phenotype, which is associated with hypervirulent strains of both K. pneumoniae and K.
quasipneumoniae (61, 71, 80).

At the time of Microbial Tracking-1, disinfectant wipes used on the ISS contained a
mixture of four QACs at the following concentrations (m/v): alkyl dimethylbenzylammonium
chloride (0.0532%), octyl decyl dimethyl ammonium chloride (0.0399%), dioctyl dimethyl
ammonium chloride (0.01995%), and dodecyl dimethyl ammonium chloride (0.01995%) (44).
These compounds were acquired from Santa Cruz Biotechnology and were reconstituted in 25
mL of MilliQ ultrapure water to create stock solutions that were filter sterilized. Stock solutions
were made at either 10X or 100X concentration due to material limitations, and then the separate

stock solutions were combined into a 2X working solution of the QAC mixture with MilliQ
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water (Table 3). All experiments consisting of QAC treatment used an equal volume of QAC

mixture to the bacterial culture being treated, resulting in a 1X treatment concentration.

After treatment with QACs, cultures were attempted to be resuscitated in fresh media in

case the cells had entered a viable but nonculturable state (VBAC) (95). To do this, both spread

plates and broth cultures were prepared. 0.1X TSB media was used for both plates and broth, as

to not shock potentially stressed cultures with nutritionally rich media. All cultures were then

incubated at 37°C for 72 hours, with shaking at 150 rpm for the broth cultures.

Table 3. QAC concentrations

chloride

QAC name Percent m/v as used on Percent m/v in 2X
ISS (44) working solution

Alkyl dimethylbenzylammonium 0.0532 0.10

chloride

Dioctyl dimethyl ammonium 0.01995 0.04

chloride

Dodecyl dimethyl ammonium 0.01995 0.04

chloride

Octyl decyl dimethyl ammonium 0.0399 0.08
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Minimum inhibitory concentration (MIC) determination

MIC determination was conducted using the broth microdilution method as described in
Wiegand (2008) (90, 91). A modification was made to the assay by using 0.1X TSB to replicate
the low-nutrient environment of the ISS, as described above. Ten QAC dilutions were prepared
by serially 2-fold diluting the QAC mixture with 0.1X TSB. 50 uL of each dilution was pipetted
in triplicate into untreated flat bottom 200 pL 96-well clear polystyrene plates with gas
permeable lids (ThermoFisher), one plate for each strain. Perimeter wells of each plate were
filled with MilliQ water to reduce evaporation. Cultures of each strain were grown overnight in
0.1X TSB and diluted to 0.5 ODsoo, and 50 uL. was added to each well with QAC dilutions. For a
growth control, 50 pL of each culture was added in triplicate with 50 pL 0.1X TSB. 100 pL of
0.1X TSB was added as a sterile control, and 100 uL of MilliQ water added as a blank. The
plates were then incubated for 20 hours at 37°C with 150 rpm shaking before being evaluated.
The standard evaluation for this assay is a visual assessment of turbidity, where the highest
dilution with no turbidity is the MIC. This assay was instead performed in a BioTek Synergy 2
plate reader (Agilent Technologies), with an ODgoo measurement recorded by the machine at the
conclusion of the experiment, with any ODgoo <0.1 considered not turbid.

Initial serial 2-fold dilutions produced QAC concentrations of 50%, 25%, 12.5%, 6.25%,
3.13%, 1.56%, 0.78%, 0.39%, and 0.20% relative to the stock concentration. Dilutions were
prepared at 2X concentration to produce the stated concentration after being added to an equal
volume of bacterial culture. After running a preliminary MIC assay with these QAC
concentrations, a new dilution range between the last two dilutions was established for the final
MIC determination: 0.4%, 0.35%, 0.3%, 0.25%, 0.2%, 0.175%, 0.15%, 0.125%, 0.1%, 0.05%.

These dilutions were then used for the MIC determination as shown and described below.
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Killing curves

Cultures of each strain were grown to late-exponential phase and adjusted to an ODgoo of
0.05. 100 pL aliquots of each culture at 0.05 ODgoo were added in triplicate to an untreated 200
uL flat bottom 96-well clear polystyrene plate with gas-permeable lid (ThermoFisher), with
perimeter wells filled with MilliQ water to minimize evaporation. The plate was then incubated
for 24 hours in a BioTek Synergy 2 plate reader at 23°C with shaking at 150 RPM until reaching
late-exponential phase, approximately 8 hours. At that timepoint, the plate reader was paused for
the addition of either the ISS concentration of the QAC mixture or MilliQ water for the negative
controls. Incubation then continued for an additional 8 hours with the ODeoo recorded every 30
minutes. After a total of 16 hours, data were collected and analyzed, including standard

deviation, standard error and Student’s t-test to evaluate statistical significance.

Microscopy and LIVE/DEAD viability assay

All microscopy was conducted using a Zeiss Axio Imager microscope using a 63x
Objective Plan-Apochromat 63/1.40 Oil Ph3 M27 (Zeiss), with images captured using either a
Zeiss AxioCam MRc5 camera (phase contrast) or Hamamatsu ORCA Flash 4.0 LT
Monochromatic Digital CMOS camera (fluorescence). SYTO-9 dye was visualized using the
Zeiss Filter Set 38 HE (BP 470/40 HE) and PI dye was visualized using the Zeiss Filter Set 43
HE (BP 550/25 HE). Microscopy images were captured with Zeiss ZEN 3.3 Pro microscopy

software and processed using Fiji/Image].
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The LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen) was used to differentially
stain cells based on their viability, allowing both live and dead cells to be visualized via
fluorescence microscopy. Prior to beginning the LIVE/DEAD assay, triplicate cultures were
incubated at 23°C until late-exponential phase (8 hours), then treated with either MilliQ water or
the same concentration of QAC mixture used to sanitize ISS surfaces as described above (44).
Treated cultures were incubated for a further 8 hours before the cultures were washed and
prepared as described by the manufacturer. Briefly, 20 mL of each culture was transferred to 30
mL Nalgene Oak Ridge High-Speed PPCO Centrifuge Tubes (ThermoFisher) and centrifuged at
10,000 x g for 10 minutes. The supernatant was then removed, and the pellet resuspended in 20
mL of 0.85% NaCl wash buffer, with the exception of the LIVE/DEAD killed control which was
resuspended with 20 mL of 70% isopropyl alcohol instead of wash buffer. Samples were left to
incubate at room temperature for 60 minutes before centrifuging again at 10,000 x g for 10
minutes, removing the supernatant, and resuspending all samples in 10 mL wash buffer. This last
wash step was then repeated for a final time before the cells were prepared for LIVE/DEAD
staining.

To stain the cells, the separate LIVE (SYTO-9) and DEAD (propidium iodide/PI) dyes
were used at a final concentration of 1.67 mM SYTO-9 and 20 mM PI. 1 mL of each washed
sample was aliquoted into microcentrifuge tubes, stained first with 1.5 pL of PI followed by 1.5
pL of SYTO-9, and incubated at room temperature in the dark for 15 minutes. After incubation,
10 pL of the stained sample was pipetted onto a glass microscope slide. A drop of ProLong Gold
Antifade Mountant (Invitrogen) was added to each slide to reduce fading before a glass coverslip

was added.
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PMAXxx and viability gPCR

The viability dye PMAxx (propidium monoazide, Biotium) was used in conjunction with
viability qPCR to determine the viability of each strain at QAC concentrations around the MIC.
Triplicate cultures of each strain were grown at 23°C to late-exponential phase (8 hours), then
treated with a QAC dilution or MilliQ water. Treated cultures were incubated for a further 16
hours before being homogenized by vigorously vortexing them and then separated into 800 uL.
aliquots in microcentrifuge tubes. Each sample was prepared in two sets of triplicates (PMAxx
treated and untreated). An additional negative control was prepared to serve as the dead control
and was killed via incubation in a 90°C water bath for 5 minutes.

PMAxx treatment was conducted according to the manufacturer’s protocol. Briefly, 1 pL.
of 20 uM PMAXxx was added to one set of aliquots while working in the dark for a final
concentration of 25 uM, while the other set of aliquots was left untreated. The treated tubes were
covered in foil and incubated for 10 minutes on a rocker to ensure the PMAxx was well mixed.
To covalently bond PMAxx to free dSDNA, the treated tubes were exposed to LED light (3000
lumens/4000K) for 15 minutes. After photoactivation, tubes were centrifuged at 10,000 x g for
10 minutes to pellet the cells.

Upon completion of the PMAXxx treatment, genomic DNA was extracted from the
resultant cell pellets using the DNeasy Blood & Tissue extraction kit (Qiagen), using the
manufacturer’s protocol for Gram-negative bacteria. Any DNA bound to PMAxx was insoluble
and lost as waste during the extraction process (103, 104). As a quality control step to confirm
successful extraction, the resultant DNA was then quantified via a Qubit 4 Fluorometer (dsDNA

HS assay, Invitrogen). Primers 341F (CCT ACG GGA GGC AGC AG) and 518R (ATT ACC
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GCG GCT GCT GQG) (92, 93), producing a 194 bp amplicon from the V3 hypervariable region
of the 16S rRNA gene, were obtained from IDT. To prepare a standard for these primers to be
used in qPCR, traditional PCR was performed using DNA from an untreated culture of K.
pneumoniae 13883T. The resultant PCR product was visualized on a 1.5% agarose gel. DNA
from a band migrating at the expected amplicon size was extracted using the PureLink Quick Gel
Extraction Kit (Invitrogen) and quantified using the Qubit dSDNA HS assay. This value was then
used for calculating a standard curve for each qPCR run, allowing for quantification of the
amplified DNA and calculation of the R? statistic.

qPCR was conducted using the QuantStudio 3 Real-Time PCR System (Applied
Biosystems). SYBR Green PCR Master Mix (Applied Biosystems), containing AmpliTaq Gold
DNA polymerase, was used for all qPCR runs. DNA extracted from each treatment was
aliquoted in triplicate into a MicroAmp optical 96-well reaction plate (Applied Biosystems), with
the perimeter wells filled with MilliQ water to reduce evaporation, and then the plate was sealed
with MicroAmp optical adhesive film (Applied Biosystems). Cycle parameters included a 5-
minute initial denaturing step at 95°C before 35 cycles of 15 seconds denaturing at 95°C and 1
minute annealing and extension at 60°C. Upon run completion, qPCR results were analyzed
using Design and Analysis Software version 2.6.0 (Applied Biosciences). qPCR statistics and
standard curves were calculated by this software. The R? for all three runs was close to 1 (0.998,
0.987, 0.997) and the amplification efficiency was 97.176%, 94.545%, and 89.123%.

Viability qPCR results were calculated as described in the PMAxx manufacturer’s
protocol. Briefly, dCr (delta cycle threshold) was calculated by subtracting the average Cr of the
PMA-treated samples from the average Cr of the non-PMA-treated samples. For the live control,

the dCr is expected to be 0 (+/- 1) and the dead control is expected to have a dCt > 4. As Cr is

25



on a log, scale, fold reduction can then be calculated via 219V, while the remaining percent
viable can be calculated via 100/21Y, Any negative dCr values were normalized to 0 to prevent

percent viability >100%.
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3.4 Results and discussion

Surfaces on the International Space Station are sanitized at least once per week using
wipes containing a mixture of QACs, and the strains of Klebsiella isolated from the ISS were
likely exposed to these compounds via this regular process. Before testing how stationary-phase
cells of each strain respond to the QAC mixture in killing and viability assays, I investigated how
susceptible the growth of each strain is to the QAC mixture. To do so, I determined the minimum
inhibitory concentration (MIC) of the QAC mixture for each strain using the broth microdilution
assay as described in the methods. The type strain for K. pneumoniae, 13883, was also tested to
see if there was a difference between ISS-origin and Earth-origin strains within the same species.

The results of the MIC determination assay are shown in Figure 1, where the MIC is the
lowest concentration with an ODgoo measurement <0.1. The MIC for K. quasipneumoniae
IF3SW-P1 was 0.15% (Fig 1A), the MIC for K. pneumoniae F3-2P(2*) was 0.175% (Fig 1B),
and the MIC for Earth-origin K. pneumoniae 13883 was 0.125% (Fig 1C). Interestingly, the
strain with the lowest MIC, and thus the most susceptible to the QAC mixture, was the Earth-
origin type strain for K. pneumoniae that has 99.01% ANI to K. pneumoniae F3-2P(2%).
Additionally, the ISS-origin K. quasipneumoniae IF3SW-P1 had a MIC that fell in between the
ISS-origin K. pneumoniae and the Earth-origin type strain, suggesting it is less susceptible than

the Earth-origin type strain as well.
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A. K quasipneumoniae IF3SW-P1
04% | 0.35% | 0.3% | 0.25% | 0.2% | 0.175% | 0.15% | 0.125% | 0.1%

1 0.091 | 0.092 | 0.091 | 0.087 0.086 0.086 0.085 0.087

2 0.091 | 0.093 | 0.089 | 0.087 0.086 0.087 0.088

3 0.091 0.09 | 0.089 | 0.088 0.088 0.087 0.087

H20 | 0.081 0.08 | 0.081

SC | 0.087 | 0.086 | 0.085
o o] o o)

B. K. pneumoniae F3-2P(2*)
04% | 0.35% | 0.3% | 025% | 0.2% | 0.175% | 0.15% | 0.125% | 0.1% | 0.05%

1 0.09 | 0.092 | 0.093 | 0.091 0.09 0.093

2 0.091 | 0.091 | 0.091 | 0.094 0.089 0.092

3 0.097 | 0.093 | 0.095 | 0.093 0.093 0.096

HO0 | 0.083 | 0.08 0.08

SC | 0.086 | 0.087 | 0.084
N o

C. K. pneumoniae 13883"
04% | 0.35% | 0.3% | 0.25% | 0.2% | 0.175% | 0.15% | 0.125% | 0.1% | 0.05%

1 0.091 0.09 | 0.088 | 0.088 0.089 0.089 0.088 0.087

2 0.091 | 0.088 | 0.086 | 0.087 0.087 0.089 0.087 0.091

3 0.091 | 0.094 | 0.088 | 0.087 0.089 0.091 0.09 0.088

HO | 0.08 | 0.078 | 0.079

SC | 0.085 | 0.083 | 0.084

"o [ e ] oz

Figure 1. QAC MIC determination.

Broth microdilution assay to determine the QAC MIC for each strain; ODgoo recorded after 20 hours
incubation at 37°C in 0.1X TSB. Assay conducted in triplicate with three controls: H>O: blank (MilliQ
water); SC: sterile control (0.1X TSB); GC: growth control (untreated culture). ODsoo measurements <0.1
are considered not turbid.
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Figure 2. Killing curves after QAC treatment
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Overnight cultures were diluted to an ODgoo of 0.05 in 1:10 TSB and added to a 96-well plate in
triplicate. Plates were grown at 23°C with shaking for 8 hours, at which point the QAC mixture or
MilliQQ water was added and the plates were incubated for an additional 8 hours.
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To determine the effect of the QAC mixture used to clean the space station on stationary-
phase cells, strains of the ISS-origin Klebsiella were grown and then treated with QACs and
effects were monitored by assessing optical density and microscopy. The two strains showed
drastic differences in response to QAC treatment (Fig 2-4). Prior to QAC treatment, the ODgoo of
both strains was just above 0.20, while the ODgoo of QAC-treated K. pneumoniae F3-2P(2%)
showed a small but significant decrease 8 hours after treatment (Fig 2A; unpaired t-test
compared to untreated control, p = 3.16x10°!'"), while the ODgoo of QAC-treated K.
quasipneumoniae IF3SW-P1 approached 0.00 over the same time period (Fig 2B; unpaired t-test
compared to untreated control, p = 2.09x10°'%). This result showed that K. quasipneumoniae
IF3SW-P1 lysed almost completely within 3 hours of treatment (Fig 2B). Lysis after QAC
treatment was expected due to its known mechanism of action. However, K. pneumoniae F3-
2P(2%*) remained turbid even 8 hours after exposure to ISS-strength QAC exposure (Fig 2A),
implying the cells remained intact after treatment.

To confirm that the QAC-treated cells of K. pneumoniae F3-2P(2*) remained intact
whereas those of K. quasipneumoniae IF3SW-P1 lysed, wet mounts of both strains were
prepared and the cultures were viewed under 630x total magnification and phase contrast. Wet
mounts of the water-treated cultures were also prepared as controls, showing healthy cultures
(Fig 3A, 4A). In accordance with its ODsoo reading of nearly 0.00, cells of K. quasipneumoniae
IF3SW-P1 appeared to be lysed (Fig 2B) as only cell fragments were visible under microscopy
(Fig 3B). K. pneumoniae F3-2P(2*) did not appear to be lysed, nor as individual cells, but
instead in large clumps of intact cells (Fig 4B). As K. pneumoniae F3-2P(2*) is known to have a
hypermucoviscous phenotype as confirmed by the string test, these structures are possible

protective structures formed by K. pneumoniae F3-2P(2*) in response to QAC exposure.
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Figure 3. Phase-contrast microscopy of K. quasipneumoniae IF3SW-P1 with or without QAC
treatment

Overnight cultures grown in 1:10 TSA were treated with either MilliQ water (A) or ISS-strength
QAC mixture (B) and prepared as wet mounts. Slides were visualized at 630x with phase contrast. A
shows a healthy culture of K. quasipneumoniae IF3SW-P1; B shows cell fragments, likely from lysis.
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Figure 4. Phase-contrast microscopy of K. pneumoniae F3-2P(2*) with or without QAC treatment

Overnight cultures grown in 1:10 were treated with either MilliQ water (A) or ISS-strength QAC
mixture (B) and prepared as wet mounts. Slides were visualized at 630x with phase contrast. A shows
a healthy culture of K. pneumoniae F3-2P(2*); B shows clumps of cells post-QAC treatment.
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As shown in Figure 4B, the center of the K. pneumoniae F3-2P(2*) clump structures
appear to be densely packed with cells. To determine whether the center of these clumps contain
viable cells, the full-strength QAC treatment was repeated for the purpose of performing a
LIVE/DEAD BacLight viability assay. Controls of both live and dead cultures for each strain can
be seen in Figure 5. As shown in the previous assay, K. quasipneumoniae IF3SW-P1 lysed
during treatment with the full-strength QAC mixture. This resulted in poor staining with the
LIVE/DEAD dyes due to low cell concentration, with cell debris from lysis seen instead (Fig
6A). However, as in the previous assay, K. pneumoniae F3-2P(2*) cells did not lyse after QAC
treatment allowing them to be stained and observed under fluorescence microscopy (Fig 6B).

Few individual cells of K. pneumoniae F3-2P(2*) were visible in either of the QAC-
treated culture when compared to a killed control treated with 70% isopropyl alcohol (Fig 5, 6B).
Similar to the phase-contrast microscopy in Figure 4B, clumps of cells of QAC-treated K.
pneumoniae F3-2P(2*) were observed in Figure 6B. However, these clumps show staining from
both SYTO-9 and PI, resulting in inconclusive results as to whether there were viable cells in the
center of these clumps (Fig 6B). To see if the cells in these clumps were viable, 10-fold serial
dilution spread plates of the QAC-treated strains resulted in no growth after 72 hours of

incubation at 37°C (data not shown).
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K. quasipneumoniae IF3SW-P1

Live control Dead control

K. pneumoniae F3-2P(2*)

Live control Dead control

Figure 5. LIVE/DEAD fluorescence microscopy controls

Fluorescence microscopy images of K. quasinpneumoniae IF3SW-P1 taken at 630x total
magnification. Live controls show individual cells stained with SYTO-9. Dead controls (killed by
treatment of 70% isopropyl alcohol) show individual cells stained with PIL.



A K. quasipneumoniae IF3SW-P1

B K. pneumoniae F3-2P(2*)

Figure 6. LIVE/DEAD fluorescence microscopy after QAC treatment
Fluorescence microscopy images of QAC-treated K. quasipneumoniae IF3SW-P1 (A) and K.

pneumoniae F3-2P(2*) (B) taken at 630x total magnification. A shows cell debris consistent with this
strain lysing. B shows clumps of cells stained with both SYTO-9 and PI.
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The incongruous result shown in Figure 6B remained despite troubleshooting different
ratios of the concentrations of the two dyes. A review of the literature for possible dye
interaction between SYTO-9 and PI showed these two dyes interact due to the emissions
spectrum of SYTO-9 (480/500 nm) overlapping with the excitation spectrum of PI (490/635 nm)
(97). This crosstalk has been shown to be the greatest when the ratio of live to dead cells in the
sample being stained is skewed in either direction (98). While the ratio of dead to live cells in the
QAC-treated K. pneumoniae F3-2P(2*) sample is unknown, due to their inability to be
resuscitated by plating on 0.1X TSA, it is likely there is greater than 75% in the sample, which is
in the range where this crosstalk effect was shown to be most prominent. Due to this known dye
interaction, SYTO-9/PI as a LIVE/DEAD dye combination appears to be unsuitable for assessing
viability after a killing assay such as QAC treatment. If possible, different viability dyes with
emission spectra that do not overlap should be used instead, or a viability assay that only uses a
“dead” dye to measure viability, such as P or SYTOX Blue (101).

Beyond the above-described issues with LIVE/DEAD dye interactions at high dead cell
concentrations, there are some caveats to how the dyes in the LIVE/DEAD assay work on cells
physiologically. SYTO-9, the “live” dye, permeates all cells, viable or not, by an unknown
mechanism. The “dead” dye, PI, works by entering cells with permeable membranes and binding
to intracellular DNA. Therefore, the LIVE/DEAD assay uses membrane permeability as its sole
marker of viability, meaning any cell with an intact membrane will appear viable in this assay.
Certain bacteria, including Klebsiella, are known to have a viable but nonculturable state
(VBAC) in response to stress where they are metabolically active but cannot grow (95). Cells in
this condition have intact membranes and so would appear viable in assays such as LIVE/DEAD.

If QAC-treated K. pneumoniae F3-2P(2*) strains are indeed under this VBNC state, they may be
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able to be resuscitated, but were unable to be resuscitated under the attempted laboratory
conditions (96).

Additionally, it should be considered whether these dyes can reach the cell membranes of
these cells to successfully stain them. Both K. pneumoniae F3-2P(2*) and K. quasipneumoniae
IF3SW-P1 produce capsules, which is one of the main virulence factors of Klebsiella spp (61,
71). The hypermucoviscous phenotype of K. pneumoniae F3-2P(2%*) is due to overexpression of
capsule genes (80). The SYTO-9 and PI stained clumps in Figure 6B appears to not just show
cells being stained, but also the extracellular material holding the clumps together. This capsule
or other biofilm components may be preventing the LIVE/DEAD dyes from entering the center
of these clumps and staining the cells inside (100). At the same time, if the bacterial capsule can
keep SYTO-9 and PI from reaching the cell membrane of these clumped cells, it is reasonable
the same capsule could also prevent the QAC disinfectants from reaching these clumped cells as
it has previously been shown that the QAC concentrations needed to kill biofilm-producing
isolates of common hospital-associated bacteria need to be 10- to 1000-fold greater than
concentrations needed to kill non-biofilm-producing strains of the same bacterial species (102).
Due to these caveats, LIVE/DEAD staining with SYTO-9 and PI may not be not a suitable assay

to investigate this question.
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Table 4. K. quasipneumoniae IF3SW-P1 viability gPCR

dCt Fold reduction % viable
Live control 0 0 100
Dead control 10.6083094 1561.05905 0.06405908
0.2% 10.6083094 1561.05905 0.06405908
0.175% 8.67210006 407.908019 0.24515331
0.15% 16.3706364 84733.0063 0.00118018
0.125% 16.332794 82539.3236 0.00121154
0.1% 18.4132786 349099.464 0.00028645
0.075% 15.4918497 46079.893 0.00217014

Table 5. K. pneumoniae F2-3P(2*) viability gPCR

dCt Fold reduction % viable
Live control 0 0 100
Dead control 6.80417133 111.753122 0.89482958
0.2% 12.5952773 6188.08483 0.01616009
0.175% 10.567494 1517.51394 0.06589725
0.15% 0.13304943 1.09660916 91.1901918
0.125% 0 0 100
0.1% 0 0 100
0.075% 0 0 100

Table 6. K. pneumoniae 13883" viability gPCR

dCt Fold reduction % viable
Live control 0 0 100
Dead control 10.9510313 1979.65223 0.05051392
0.2% 10.6719561 1631.46925 0.06129444
0.175% 12.4394451 5554.51456 0.01800337
0.15% 11.7471281 3437.46212 0.02909123
0.125% 11.9245243 3887.22351 0.0257253
0.1% 12.4461431 5580.36249 0.01791998
0.075% 11.8647358 3729.4206 0.02681382
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Previous killing experiments were conducted with a full-strength QAC disinfectant
mixture and resulted in either non-viable lysed cultures (K. quasipneumoniae IF3SW-P1) or
what appeared to potentially be viable cultures, but they could not be resuscitated under standard
growth conditions (K. pneumoniae F3-2P(2%*)). To further explore the response of these
Klebsiella strains to QAC exposure, viability qPCR was performed using the PMAxx viability
dye. This viability dye enters cells with compromised membranes and binds to dsDNA similar to
PI. When DNA is extracted from PMAxx-treated samples, the bound dsDNA is washed away
from the final DNA eluant, leading to a purified DNA from only the viable cells in a sample.
After the extracted DNA was amplified via qPCR, PMAxx-treated samples were then compared
to untreated samples to see the proportion of DNA from viable cells in the original culture.

A range of QAC dilutions was chosen for viability gPCR: 0.20%, 0.175%, 0.15%,
0.125%, 0.1%, and 0.075%. Strains were prepared as per previous assays, where cultures were
grown at 23°C until late-exponential phase (8 hours) and then treated with QACs or MilliQ water
and incubated for an additional 8 hours. Samples were then treated with PMAxx and then the
DNA extracted and analyzed via qPCR as described in the methods. Viability was calculated
using the difference between the Cr (cycle threshold) from PMA-treated and untreated samples.
The resultant dCr, fold reduction, and percent viablility is shown in Tables 4-6, with viable
results highlighted in green. In Table 4, the treatment with the greatest viability for K.
quasipneumoniae IF3SW-P1 is 0.175%, with a viability of 0.241%. While this is higher than the
2% treatment, the dCT is ~8, which is significantly above the dead cutoff of 4. Table 5 shows K.
pneumoniae F3-2P(2*), which has 100% viability for treatments 0.125-0.075%, and 91.19%
viability for treatment 0.15%. The control strain K. pneumoniae 13883" is shown in Table 6,

where the treatment with the greatest viability was 0.2%, with a viability of 0.06%.
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When comparing the results of the three strains, only K. pneumoniae F3-2P(2*) shows
any viability at any of the tested dilutions, becoming viable at <0.15% (Table 5). Both K.
quasipneumoniae IF3SW-P1 and K. pneumoniae 13883" showed no viability at any dilution
between 0.2%-0.075%, only showing viability with the live control (Tables 4, 6). This result is
consistent with the previous killing experiments, as K. pneumoniae F3-2P(2*) was the strain that
did not lyse when exposed to ISS-strength QACs and formed the clump structures when exposed
to QAC:s, this result is consistent. However, the response of the type strain K. pneumoniae
13883T being closer to K. quasipneumoniae IF3SW-P1 than to the strain of the same species is
interesting. This may be due to the hypermucoviscous phenotype of K. pneumoniae F3-2P(2%*),
which K. pneumoniae 13883T does not share (89).

Compared to the poor result from the LIVE/DEAD viability assay, the PMAXxx viability
qPCR appears to be much better suited as a viability assay for QAC-treated samples, especially
in biofilm-producing strains such as the hypermucoviscous K. pneumoniae F3-2P(2*). While the
mechanism of action of PMAXxx is similar to PI, needing to enter cells through a compromised
membrane to bind DNA, the different parameters of the assay are able to counteract some the
issues seen in LIVE/DEAD staining. After treatment with PMAxx, samples are incubated for 15
minutes with vigorous shaking, which would break up the clumps of cells and allows the dye
greater access for staining. While it would be possible to incubate cells stained with
LIVE/DEAD to allow for better dye staining, this shaking would break up the clumps of cells
that are intended to be visualized under the microscope to learn about whether viability is
associated with a particular position in the clumps. Additionally, PMAxx is one dye and is

compared to an untreated control, which eliminates any concern about potential dye interaction.
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While it is important to control bacterial colonization on spacecraft, not only to protect
the health of astronauts (2-6, 41-43) but also as shown by the history of corrosion and
degradation of equipment on the Soviet space stations Salyut and Mir (20-27), NASA is
committed to the concept of planetary protection (17). This concept goes both ways, protecting
not only alien planets from forward contamination but also the Earth from back contamination.
QAC:s are widely used for disinfecting surfaces on Earth, and it is known that bacteria (including
Klebsiella) can and are developing resistance to these compounds due to long-term exposure,
particularly via efflux pump systems (99). As bacteria exposed to the stress of spaceflight are
known to develop increased virulence and antibiotic resistance (21, 47-50), frequent cleaning of
ISS surface with these compounds may lead to strains developing QAC resistance. When
astronauts return to Earth after months on the ISS, or after planned multiple-year trips to Mars,
they could bring back these QAC-resistant strains with them in their microbiota (5, 14-16).

Further research should be done to determine the current prevalence of QAC resistance
within the ISS surface microbiome, both on strains of Klebsiella such as those studied in this
thesis as well as on other opportunistic pathogens isolated from the ISS that are known to
develop QAC resistance such as Pseudomonas aeruginosa (44, 99). As shown in this chapter, the
ISS-origin K. pneumoniae F3-2P(2*) differed from its 99.01% ANI type strain, K. pneumoniae
138837, in both growth inhibition assays (Fig 1B/C) and in viability assays post-killing with
QACs (Table 5/6). Comparison of the genomes of the two strains should be conducted to see if
the genome of K. pneumoniae F3-2P(2*) contains efflux pumps associated with QAC resistance
that the genome of the type strain does not have. However, the presence or absence of efflux
pump genes alone is not sufficient for an AMR phenotype, as the expression profile of all

putative virulence and AMR genes must also be considered. On that end, future work should

41



combine both killing and viability assays as performed in this chapter as well as studying the

genomes and transcriptomes of ISS-origin strains for putative QAC resistance genes.
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3.5 Limitations of work

The above-described results of this work must be placed in context of the known
limitations, both in methodology and the results above. When preparing the samples prior to
LIVE/DEAD staining and visualization via fluorescence microscopy, the bacterial cultures were
washed as described in the manufacturer’s protocol. Each sample was centrifuged 10,000 x g for
10 minutes, which was repeated for 3 total wash cycles. However, it has been shown that the
pressure and centrifugal force at 10,000 x g can cause significant damage to cell membranes,
particularly in Gram-negative bacteria (105). As LIVE/DEAD viability staining is differentiated
by the ability of PI to stain membrane-permeable cells, this physical damage introduced by such
a high g force during washing may have resulted in more cells stained as dead. Future wash steps
should include a centrifugation at a lower g force such as 6,500 x g.

Additionally, there was an incongruous result in the killing curve experiments as shown
in Figure 2. Briefly, 100 pL of each culture was grown for 8 hours before being treated with an
equal volume of either the QAC mixture or MilliQ water for the negative control. At the next
post-treatment timepoint, the ODgoo of all treatment arms does not decrease despite the dilution
(Figure 2). This result was consistent across triplicates and repeated killing curve experiments.
The ODeoo of the QAC-treated K. pneumoniae F3-2P(2*) actually increases immediately after
treatment (Fig 2B), which was also observed in every treatment throughout this work. Although
this result was consistent in my work, it would be expected for the ODsoo to drop after dilution
with an equal volume, particularly for the MilliQ treatment. As the first measurement post-
treatment is 30 minutes after, a timepoint experiment could be done where the cultures are
treated and then the ODsoo measured every 5 minutes for an hour to determine if the turbidity

does actually drop after treatment.

43



CHAPTER 4

Conclusion

In my thesis research, I was provided a rare opportunity to study strains of an
opportunistic pathogen isolated from one of the most unusual environments possible, the
International Space Station (ISS). While it has long been known that exposure to the stresses of
spaceflight selects for virulence and antimicrobial resistance in bacteria, the response of ISS-
origin strains to the disinfectants used to clean the ISS, quaternary ammonium compounds
(QAC), is understudied. Overall, research on bacterial strains isolated from the ISS is still an
emerging field due to the relatively recent shift to a combination of metagenomic and culture-
based techniques of monitoring the ISS microbiome.

The biggest remaining question from this work ties to the central question in Chapter 3—
what is happening with the response of these Klebsiella strains after exposure to the QAC
disinfectants used on the ISS? The two [SS-origin strains, K. pneumoniae F3-2P(2*) and K.
quasipneumoniae IF3SW-P1, appear to have opposite responses to QAC exposure, ranging from
the formation of clumps of cells for the former and the culture completely lysing for the latter.
As K. pneumoniae F3-2P(2*) is known to have a hypermucoviscous phenotype, it is possible that
the thicker capsule and biofilm produced by this strain is why K. pneumoniae F3-2P(2*) forms
clumps after QAC exposure, while non-hypermucoviscous K. quasipneumoniae IF3SW-P1 does
not. However, when the clumps of cells of QAC-treated K. pneumoniae F3-2P(2*) were streak

plated, they remained unculturable under standard cultivation conditions.
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Upon viewing the clumps under fluorescence microscopy with LIVE/DEAD viability
dyes, there was dye interaction that made it difficult to distinguish whether there were viable
cells inside these clumps. Due to this crosstalk between the dyes, and potential inability for the
dyes to bind cells in a clump containing bacterial capsule and other biofilm components,
LIVE/DEAD fluorescence microscopy was determined to be an unsuitable assay under these
conditions. A different viability assay, viability gPCR with PMAxx, produced results that
consistently showed strain K. pneumoniae F3-2P(2*) remaining viable post-QAC exposure
compared to K. quasipneumoniae IF3SW-P1 and the Earth-origin type strain K. pneumoniae
13883T. However, it must be considered that the mechanism of action of QAC disinfectants is
bactericidal, lysing the cells, rather than bacteriostatic. K. pneumoniae F3-2P(2*) repeatedly did
not lyse, even when exposed to ISS-strength QAC mixture. Again, as K. pneumoniae F3-2P(2%*)
has a hypermucoviscous phenotype, the clumps formed by this strain upon exposure to QACs
may be the reason this strain is less susceptible to QAC treatment than K. pneumoniae IF3SW-P1
and the Earth-origin type strain K. pneumoniae 138837.

Beyond knowing K. pneumoniae F3-2P(2*) has a hypermucoviscous phenotype, the
exact nature of the clumps of cells remains unknown. To rule out a physiological response, a
heat-killed culture should be treated with the QAC mixture to determine whether the same
clumping response occurs. If it is physiological, then to investigate this question differences in
gene expression of known biofilm genes could be studied by doing a transcriptome of the two
strains immediately after treatment with a sublethal dose of QACs. To specifically identify the
components of K. pneumoniae F3-2P(2*)’s clumps, a proteomics study could be conducted after

exposure to QACs. The combination of these two experiments would not only identify the
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extracellular components of these clumps of cells, but also identify which genes are being
overexpressed when the strains undergo the stress of QAC exposure.

Beyond studying the responses of these strains to QAC exposure, this thesis work
produced a complete genome of K. quasipneumoniae subsp. similipneumoniae strain IF3SW-P1,
sequenced using high-accuracy long-read sequencing and assembled into a closed circular
chromosome. Most genomes of ISS-origin bacterial strains have been published as drafts, so
producing a complete genome for this strain provides a high-quality genome resource for future

genomic analyses of ISS-origin strains.
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APPENDIX

Copyright Approval for Previously Published Material

Chapter 2 was previously published in Microbiology Resource Announcements under a Creative
Commons CC-BY 4.0 license, which allows for unrestricted reuse of the material with proper

attribution. Full text of license is available at https://creativecommons.org/licenses/by/4.0/.
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