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Gonorrhea, caused by the bacterium Neisseria gonorrhoeae (GC), represents a significant global
health concern as it is the second most common bacterial STI and has a rising rate of antimicrobial
resistance. The first study of this thesis aims to elucidate the causes and consequences of gonococcal
genome reorganization. Here | found that when looking at many GC strains’ genomes, each GC strain
had a unique genome organization including both inversions and translocation events. | also saw a
consistent pattern of DNA high sequence similarity on both sides of the translocation or inversions,
consistent with homologous recombination driven reorganization. PCR analysis of inversion events
suggests that these large-scale reorganization events are both stable and rare. Growth curve analysis
demonstrates a wide variability in growth rate between strains. Proteomic analysis suggests
reorganization driven changes to replication termination location leads to upregulation of many kinds of
proteins including energy metabolism and antimicrobial resistance associated genes. This study suggests
that homologous recombination driven genome reorganization can have large impacts on gonococcal
biology and pathogenicity. This study demonstrates the need for future gonococcal studies to use multiple
GC strains from a diverse background to capture the wide variability in GC phenotypes. The second study
of this thesis sought to uncover the role filamentous bacteriophage play in GC biology. | found that every

GC strain currently in the NCBI database at the date of this study contains four flamentous bacteriophage



gene regions in the GC genome. | found that FA1090Afil (a GC strain lacking all four filamentous
bacteriophage gene regions) grew poorly at 37°C both in broth and on agar, as compared to wild type
FA1090. However, there was no difference when the strains were grown at 34°C or when grown without
shaking, demonstrating the condition dependent nature of this growth advantage. FA1090Afil formed
larger bacterial aggregates than FA1090 WT. When these strains were analyzed for their ability to
produce biofilms, no differences were seen in the overall biofilm’s biomass, yet the overall structure of the
biofiims were different, with FA1090Afil producing taller and rougher biofilms. Previous unpublished
research in the Stein Lab demonstrates that filamentous phage derived proteins are capable of
deteriorating the integrity of epithelial cell cultures and cervical tissue explants. The data from this chapter
suggests that filamentous phage provide the gonococcus with a growth advantage, inhibit bacterial
aggregation, alter the structure of the GC biofilm, and that phage proteins can lead to loss of the integrity
of the epithelium. Taken en toto, these studies demonstrate that both alterations in bacterial genome
organization and contributions from filamentous bacteriophage genomes can impact gonococcal biology

and pathogenicity, which could be key to preventing and treating GC infections.
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Chapter 1: Introduction

1.1 Gonorrhea as a disease

Gonorrhea, caused by the bacterium Neisseria gonorrhoeae (GC), represents a significant global
health concern, with an estimated 78 million individuals worldwide and over 600,000 domestically infected
annually.2? Increasing GC infection rates can be attributed to various factors, such as decreased condom
usage, increased urbanization and international travel, false negative tests, and failing treatments.?3 With
rising rates of GC infections, the World Health Organization (WHO) has become increasingly concerned
by the increased prevalence of antimicrobial resistance (AMR) within GC populations, leading to

increased efforts to survey and combat this public health threat.*

Within an individual, GC infection can lead to a wide range of symptoms.1> While most female
infections are asymptomatic, some women will develop more dangerous sequelae, which can range from
localized infection within the female reproductive tract (FRT) such as pelvic inflammatory disease (PID) to
disseminated gonococcal disease (DGI).! Both of these GC related diseases can have severe
consequences on the individual, with prolonged lack of treatment potentially leading to infertility, arthritis,
endocarditis, and even death.? While men have higher rates of symptomatic infections than women, men
tend to have less dangerous symptoms, such as pain upon urination or penile discharge.® GC infection
can also increase susceptibility to other infections, such as human immunodeficiency virus (HIV).2 Given
the multifaceted implications of GC infection on both the individual and global scale, a comprehensive
understanding of its pathogenic mechanisms is paramount for effective disease treatment and prevention

strategies.
1.2 Gonorrhea infection progression within the female reproductive tract

In order for a woman to acquire a gonococcal infection, GC must undergo an infection
progression where GC first adheres to the FRT and then colonizes the ectocervix (ECC), leading to an
asymptomatic localized infection, or penetrates the transformation zone (TZ) and endocervix (ENC) to
disseminate into deeper tissue (Figure 1).”° GC is a gram-negative diplococcus whose key surface

components during infection are opacity (Opa) proteins, lipooligosaccharides (LOS), and type IV pili,



which are all phase- and antigenically variable.1%-12 This high level of phase and antigenic variation in the
GC surface proteins allows for high levels of immune evasion.** First, type IV pili contact host cells and
retract to bring GC closer to the host surface, where LOS and Opa proteins facilitate more intimate
interactions between GC and host cells.19-15 Pili are absolutely required for GC adherence to the host and
allow for natural transformation.!! Pili are not only important for initial adherence to the host epithelium,
but also play a key role in promoting bacterial aggregation to form microcolonies and, eventually, biofilms
in the mucosal layer above the host epithelium.'* While there are 11 different Opa proteins that can be all
expressed simultaneously, none expressed, or some combination of any of the Opa proteins, different
Opa proteins can lead to different infection outcomes.'® Certain Opa proteins can bind to either
Carcinoembryonic antigen-related cell adhesion molecules (CEACAMSs) or Heparan sulfate proteoglycans
(HSPGs) on the host cells. Current research suggests that Opaceacam-expressing GC initiate localized
asymptomatic ECC colonization, whereas Opanspc-expressing GC leads to symptomatic penetration of

the ENC.1!

In the context of a female infection, the FRT can be split into two halves: the upper and lower
FRT. The cervix serves as a gateway between these halves, with the unsterile lower FRT below it and the
sterile upper FRT above. To prevent GC from penetrating deeper into tissue, the first layer of defense is
tightly bound together epithelial cells, providing a physical barrier between the mucosal layer on its apical
side and deeper tissue on its basal side. The cervix has many cell types, consisting of the multilayered
squamous epithelial cells of the ECC, which faces down towards the vagina; the single layered polarized
epithelial cells of the ENC, which faces up towards the uterus; and the TZ between them, which has a
morphology between the ENC and ECC (Figure 1).16 Tight junctions at the apical side of the polarized
cells and at the parabasal level in nonpolarized cells help keep pathogens from passing between
cells.*6.17 Calcium ions (Ca?*) play a crucial role in keeping tight junctions regulated, as extracellular Ca?*
is necessary for tight junction formation.?2 It has been seen that GC can overcome this epithelial barrier in
the ENC and TZ by causing Ca?* influx and activation of non-muscle myosin Il (NMIl) leading to
dissociation of junctions between epithelial cells and epithelial cell shedding, allowing for transmigration of
GC past the now unstable epithelial cell barrier.”® It has also been seen that other filamentous phage /

phage proteins are involved in the dissociation of tight junctions in other pathogens.'®2! Conversely,



increased integrin production in the squamous epithelial cells of the ECC decreases host cell shedding,
allowing for high levels of GC colonization in the ECC.8 While it is known that GC can form biofilms on
abiotic surfaces and on cells in vitro, the role of biofilms in the context of ECC colonization is still not well
understood.*22 Biofilm production in the FRT could lead to immune evasion, increased fitness against
environmental stressors, and persistence post-antibiotic treatment, all leading to long-term consequences
for the host.?? Studies in Neisseria meningitidis have shown that Neisseria biofilms can have differential
gene expression, which can aid biofilm defenses on both the surface of the biofilm and the bottom of the

biofilm contacting the surface of the host cells.?324

1.3 Gonococcal genome organization

Most bacterial genomes are composed of a circular chromosome and plasmids. When bacteria
divide, the genome is bidirectionally replicated by deoxyribonucleic acid (DNA) polymerases starting at
the origin of replication and proceeding in opposite directions from each other until they meet at the
terminal sequence resulting in two complete copies of the genome.?> These origin and terminal
sequences are highly conserved within bacterial species. Variation in the speed of the DNA polymerase
and genome size leads to diverse growth rates among bacterial species as each round of replication must
produce a complete copy of the genome. This method of replication is highly conserved between bacterial
species and allows for nearly perfect inheritance of the genomes from one generation to the next.
However, selective pressure, imperfect genome replication, horizontal gene transfer, and mobile genomic
elements creates a genome that is not perfectly stable.?6-30 This level of flexibility within the genome
allows for bacteria to adapt to stressful and new environments and obtain new genes that can allow them
to acquire higher fitness, which, in the context of pathogenicity, can result in higher AMR or immune
evasion. When comparing different bacterial species, there is a wide range in the variation of genome
stability.?5-28.30.31 Cyanobacteria and other free-living bacterial species tend to have lower genomic stability

than pathogenic bacterial species, while endomutualist bacteria tend to have the most stable genomes.°

Overall genome organization has a large impact on bacterial biology and conserved genome
organizational patterns can be observed across species. During replication, transcription and translation

of proteins occur concurrently. This means that as DNA polymerases are replicating the genome, they will
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Figure 1. Neisseria gonorrhoeae infection progression model. Yellow cells on the bottom left
represent multilayered squamous epithelial cells of the ECC which faces down towards the vagina. Blue
cells on the bottom right represent the single layer, polarized epithelial cells of the ENC which faces up
towards the uterus. Green cells in the bottom center represent the TZ. An enlarged GC diplococci is
shown with important infection surface components labeled. Image is not to scale and was created in

BioRender. 7-13.15.16



eventually collide with ribonucleic acid (RNA) polymerases. DNA polymerases move at a much faster rate
than RNA polymerases, however, collisions resulting in a slowed replication rate or complete replication
arrest are more likely if the gene orientation is facing the opposite direction of the replication fork (Figure
2).2526:3031 This has led to evolutionary pressures driving highly expressed genes to be oriented in the
same direction as replication.2>31 When favorable conditions trigger replication to begin, these same
conditions might not be present by the time replication ends. This change in conditions has resulted in
higher rates of gene transfer, recombination, and mutations near the terminus of replication compared to
the origin.?531 As the genome replicates, a second round of replication may begin before the first has
finished. In Escherichia coli, it takes about one hour for a full genome replication to occur, however, it has
a rate of 2.5 doublings per hour. This results in a higher gene dosage of genes closer to the origin and
therefore a tendency toward higher expression of these genes.2531 When genome organization changes,
this can have large- scale impacts on gene expression, growth rates, and overall fithess of the bacteria.
While most studies continue to focus on genetic changes to explain phenotypic differences between
bacterial species and strains, changes in genome organization without altering overall genetic content

can have profound implications for bacterial gene expression and, therefore, bacterial phenotypes.

The genome can change in many ways. At its smallest scale, sequences can change by a single
nucleotide. This can happen randomly through improper incorporation of nucleotides during replication of
the genome and will be inherited by the next generation.32 These single nucleotide polymorphisms
(SNPs) if found in a gene or gene expression regulatory area can result in changes to bacterial
phenotypes, which can be inherited by subsequent generations if it is not lethal. Horizontal gene transfer
can change larger areas of DNA sequence through the acquisition of whole genes, gene regions or entire
plasmids from another bacterium.®® In the case of genes and gene regions, these newly acquired
sequences can be inserted into the genomes through mobile elements or homologous recombination
(Table 1). Acquisition of genes can result in phenotypic changes that can increase fitness and/or
pathogenicity in these bacteria, such as genes associated with higher AMR or immune evasion. Some
genes also change more rapidly through antigenic and phase variation. These types of changes often
result from environmental changes or stress and involve rearrangements of a bacteria’s genomic DNA

rather than DNA from another bacterium.34 Both antigenic and phase variation are heritable changes to
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Figure 2. DNA and RNA Polymerases’ response to gene orientation. The left half of the figure
represents the consequences of RNA and DNA polymerase collision when genes are on the lagging
strand of replication. The right half of the figure represents the consequences of RNA and DNA
polymerases near each other when genes are located on the leading strand of replication. Genes closer
to the origin (green arrows) have a higher average gene dosage than genes further from the origin (pink
arrows) during active bacterial replication. Orange shapes represent DNA polymerases, blue shapes
represent RNA polymerases, dark green boxes represent the origin of replication, the red box represents
the terminus of replication, and black arrows represent the direction of polymerase movement with the
thickness of the arrows representing relative speed. 25.26:30,31



Table 1. Gonococcal Genomic Mobile Elements3>

Mobile Element

Components / Sequence Organization

Correia repeat enclosed
element (CREE)

Variable sequence of DNA flanked by a conserved inverted repeat, which is a
hotspot for reorganization events. Many are found throughout the genome.

Spence-Smith Repeat
Enclosed Element
(SSREE)

Conserved sequence of DNA flanked by inverted repeat found two to three
times per genome.

Homologous
Recombination

Highly similar regions of DNA forming a Holliday junction during replication,
leading to an inversion event when these two regions are from the same piece
of circular DNA (Figure 3). This can also lead to loss or gain of genes when
from a transformed piece of DNA.

Transposon

DNA regions containing transposition genes that are flanked by a recognized
inverted repeat where DNA can be moved from one area or plasmid to another.
They can contain cargo genes between the inverted repeats that move with the
transposons.

Insertion Sequence

Conserved sequences in gonococcal genomes where DNA is more likely to be
inserted into the genome. Contains transposition genes flanked by an inverted
repeat but does not contain cargo genes. IS1016 is the most abundant GC
insertion sequence.

Bacteriophage /
prophage

Bacteriophage and prophage often contain transposases as part of their
replication machinery. They can insert / remove their viral phage genomes into
/ out of the bacterial GC genome using their own transposases.
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Figure 3. Homologous recombination of circular genome results in an inversion event. The circular
genome is represented as circles, with each half of replichore represented by either green or purple and
two areas of identical sequences highlighted in red. Black dashed arrows represent direction of DNA
replication of the bacterial genome. DNA polymerase is represented as blue shapes and homologous
recombination machinery is represented in yellow. Resulting chromosomes after homologous
recombination include one chromosome identical to the original and one with an inversion between
indicated red sequences.



DNA sequence; however, phase variation is reversible and changes whether a gene is “on” or “off’,
whereas antigenic variation changes which variant of the protein is expressed. Examples of phase and
antigenic variable genes in GC are pili and Opa, two surface proteins involved with gonococcal
pathogenicity. These types of genetic changes can result in increased pathogenicity through increased
immune evasion and enhanced infection potential by altering gene content or sequence. Zooming out to a

larger scale, genome reorganization events can also have a large impact on bacterial phenotypes.

Changes in genome organization, as opposed to changes in gene content, can occur in many
ways. Many drivers of genome reorganization are driven by what are called “mobile elements” or areas
that are hotspots for DNA movement (inversions, translocations, insertions, or deletions).??:3% Inversions
are areas of the genome that have changed directions but have not changed locations relative to the rest
of the genome.2235 Translocations, however, are areas of DNA that have changed locations relative to the
rest of the genome and may or may not also change direction.?%35 Translocations and inversions can
therefore impact orientation of the genes within the inverted/translocated area of the genome, distance of
the genes to the terminal/origin sequence, and expression of genes close to the site of
inversion/translocation. However, both inversions and translocations have no impact on the overall gene
content of the genome. Inversions and translocations can occur on both large and small scales, from
hundreds of bases to hundreds of thousands.2?35 Within GC, there are many types of mobile elements
that can drive these reorganization events (Table 1). Many of these mobile elements are either genes or
sequences flanked by an inverted repeat (CREE, SSREE, transposases, insertion sequences).®® Other
types of genetic elements that can drive rearrangements are regions of DNA containing
bacteriophage/prophage as they often carry their own transposases in order to integrate into or escape
out of the bacterial genome.®> Homologous recombination can also drive rearrangements by interacting
with highly similar sequences within the same genome (Figure 3) or causing insertions or deletions when
interacting with highly similar sequences from other sources of DNA.3% These hotspots of DNA movement
are thought to be drivers of genome reorganization events found within gonococcal genomes. When
comparing three well characterized strains of GC (NG08107, FA1090, and NCCP11945), large (>10 kB)
inversions and translocations were observed.3® These types of mobile elements were often found at the

sites of these inversion and translocation events.3® However, none of these mobile elements seem to be



the sole driver of these large-scale rearrangement events, as none were found at every site of
reorganization and with many found in places of the genome with high levels of stability. To date, most
studies investigate gene content, gene mutations, or regulatory sequence mutations as the driver of
variability in phenotypes. However, these large-scale changes to genome organization could be driving

changes in GC phenotypes and therefore infection potential.

There are many processes that involve DNA movement in GC, but one of the most notable
examples of DNA movement leading to phenotypic changes involved in invasiveness is GC’s array of
antigenically and phase-variable genes, including pilin, LOS, and opa.>1011.143537 One example of DNA
movement involved in antigenic variation is the insertion of pilS gene segments into the pilE gene region,
which results in structural changes to the pilin protein.®® This process involves homologous recombination
of the “silent” pilS gene into the pilE region, where pilS gene segments replacing pilE gene segments.38
This homologous recombination of pilin genes, as well as other antigenic variation, leads to increased
immune evasion by GC due to the constantly changing structure of these surface molecules. An example
of DNA movement causing phase variation, or toggling a gene’s expression between “on” and “off”, is the
variation in the number of “CTCTT” repeats in the opa genes, which will shifts the gene into or out of
frame.®® There are multiple ways the number of CTCTT repeats can change, including uneven
recombination with other opa genes within the genome or slipped-strand mispairing during replication.3°
These examples illustrate how GC can use DNA movement to increase invasiveness by altering surface

protein expression and structure.

One of the most crucial phenotypes that plays a role in infection potential and risk to human
health, which has yet to be studied in the context of genomic reorganization, is the ability of GC to
become resistant to the antibiotics used to treat gonococcal infection. The WHO sought to study AMR
from currently circulating strains of GC and found wide variability in AMR capabilities.**%41 However, the
large variations in AMR capabilities could not be explained solely based on gene content or mutations.
While some higher levels of AMR can be explained by SNPs in genes important for resistance to various
antibiotics, there is still a great deal of unexplained resistance levels when comparing all the WHO

strains.*4%41 With a large number of new strains from this study having been sequenced and AMR

10



capabilities measured from geographically and temporally distinct strains, investigating differences in
currently circulating GC genome organization could uncover links between genome organization and
AMR capabilities. What the main driver of large-scale reorganization events in GC is and whether
variations in phenotypes could be explained by changes in genome organization rather than gene

sequence is still unknown.

1.4 Filamentous bacteriophage within Neisseria gonorrhoeae

An additional aspect of GC infection that is not completely understood is the role that
filamentous bacteriophage play in GC biology. Simply put, bacteriophage (phage) are viruses that infect
bacteria.*243 Prophage DNA (phage genomes inserted into the bacterial genome) have been seen to
make up to 20% of the bacterial genome and can affect phenotypes of the bacteria in which they reside,
including pathogenicity and general fithess.*34° Phage can impact bacterial phenotypes as their genomes
are inserted into their bacterial hosts and may carry pathogenic genes that these hosts can exploit to their
advantage. Phage are thought to be the most abundant type of organism on the planet and can be found
in every genus of bacteria, in every niche and environment across the globe.4346:49-51 Despite their
prevalence in bacteria, phage were only discovered in the early 20th century, with filamentous phage only
identified in the 1960s.4346:49-51 While phage are ubiquitous to prokaryotic life, there is still much to be

learned about these viruses.

Within GC, prophage DNA makes up about 7% of the genome.5?-% All GC strains contain four
filamentous prophage regions known as Ngo®6-9 (or PHI6-9) (Figure 4).52% These phage have many
homologous open reading frames (ORFs) in their sequences, not only to each other but to other species
such as N. meningitidis and Vibrio cholerae, with some of these homologous genes conferring heightened
pathogenicity to their bacterial hosts.?%:235357 These filamentous phage within GC belong to the Inoviridae
family and the Inovirus genus. While not all phage can, this type of phage is able to integrate its genomic
DNA into the bacterial genome.*”5! Inoviridae has three types of genes within its genome: replication
genes, structural genes, and assembly and release genes.*3:46:4850 Replication genes are required for
replicating the phage genomes, structural genes encode proteins that make up the filamentous phage

itself, while assembly and release genes encode proteins that construct the phage at the surface of the
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bacteria, including the extrusion pore through which the phage leave the cell.4346:4850 Filamentous
bacteriophage are semi-flexible worm-like nucleoprotein filaments. They are a hollow helix of the coat
proteins with two different sets of proteins on either end, which surround two antiparallel strands of single
stranded DNA that contain a double stranded DNA packaging sequence.*”58 The proteins at either end
help phage integrate into the membrane and allow the phage to assemble at the membrane, package
DNA into the coat proteins, extrude phage out of cells, and then infect another bacterium without having
to lyse the host cell (Figure 4).1° Filamentous phage leaving the host via an extrusion pore rather than cell
lysis is a key feature of filamentous phage, as they can form “chronic infections” of its host, constantly

making and releasing phage into the environment, without killing the host bacteria.

Each of the four filamentous phage within the gonococcal genome has a unique set of ORFs in
different orientations, but with many overlapping ORFs that have nearly identical sequences to each
other, totaling 13 different ORFs (Figure 4).23 There is also a region of 136 base pairs at the end of each
of phage after ORF11. However, in PHI®6, the ORF11 and homologous region are inverted (Figure
4).2352 These ORFs also contain homologous regions to known bacterial regulators found outside of the
phage regions.5® ORF1 is needed for phage replication and shows high levels of homology to RstA in
CTX®, the filamentous phage found in V. cholerae. ORFs 2 and 3’s functions are unknown, but may be
involved in assembly of the phage. ORFs 4 and 5 are thought to be the main coat proteins of the phage.
ORF6 has a zinc finger motif, which could indicate involvement in transcriptional control or replication.
ORF7 has high homology to the TspB protein found in GC and N. meningitidis, a known virulence factor,
which is located on the surface of the bacteria. ORF9 is needed for assembly and secretion of the phage,
is found on the surface of GC, and has high homology to the enterotoxin Zot found in CTX®. ORF12’s
function is still unknown, however they contain transmembrane regions.52-5456 While the functions of most
of these ORFs in the filamentous phage lifecycle is known or can be hypothesized from homology to

other species, the role they play in GC pathogenicity remains to be investigated.

The role of phage, including filamentous phage, in pathogenicity has been studied extensively in
many different bacterial species, including those capable of infecting humans. It has been observed that

Salmonella paratyphi phage increases invasion potential, with S. paratyphi containing filamentous phage
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Figure 4. Neisseria gonorrhoeae filamentous bacteriophage genome and protein organization. (A)
Genome organization of FA1090 PHI6-9 as adapted from Piekarowicz, A. et al.5253 Blue arrows represent
structural genes. Orange arrows represent replication genes. Pink arrows represent secretion genes.
Green arrows represent integrase genes (B) Schematic of filamentous bacteriophage being assembled at
the bacterial membrane (gram-negative) with labeled proteins from (A). Image is not to scale and was
created in BioRender.
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causing more severe infection complications such as multi-organ damage at lower doses compared to
filamentous phage-free bacteria.® Pseudomonas aeruginosa and Bacillus subtilis activate filamentous
phage expression during biofilm development.4>59.80 These filamentous bacteriophage containing biofilms
exhibit highly organized biofilms with less water loss, higher shear stress resistance, and higher AMR
capabilities compared to biofilms lacking these phage.*>6%-63 N. meningitidis, a bacterium in the same
genus as GC, also has filamentous phage of high homology known as Meningococcal Disease-
Associated phage (MDA®). MDA® has been highly associated with invasive meningococcal disease-
causing bacterial strains and has been shown to increase biomass of N. meningitidis biofilms during
colonization of human cells.2364 V., cholerae and Campylobacter concisus contain genes that encode
endotoxins involved in the disorganization of the human gut epithelium, leading to penetration of bacteria
into their hosts.19-21.65.66 Adding the V. cholerae filamentous phage, CTX®, into non-pathogenic strains has
been shown to increase the virulence of these strains.®” The filamentous phage ®RSS1, found in the
phytopathogen Ralstonia solanacearum, enhances its host’s virulence through changes in motility and
extracellular polysaccharide synthesis, leading to early wilting tomato plants.®® Filamentous phage have
also been seen to aid bacterial host survival in Pseudoalteromonas spp. in the extreme conditions of artic
sea ice by impacting processes such as growth rate, salinity tolerance, motility, and chemotaxis.®® While
filamentous phage have been shown to confer a variety of advantages to their host bacterium, this study
focuses on two specific advantages that are important to the pathogenicity of GC: bigger and stronger

biofilms and junctional disassembly of human cells leading to higher penetration of bacteria.

Phage have been shown to play a role in pathogenicity through their involvement in biofilm
stability. In many species, tailed/lytic phage have been seen to destroy biofilms through a cycle where
bacterial cell lysis releases high levels of lytic phage, which in turns leads to more infected and lysed
cells, which eventually breaks down the biofilm over time.”® Inversely, filamentous phage have been found
to improve the fitness of biofilms.%16471 Filamentous phage form highly ordered biofilms that are liquid
crystal-like due to the high concentration of small polymers leading to depletion forces, which push
filamentous phage together. This liquid crystal-like structure inside of the biofilm is created due to
depletion attraction, where all of the small polymers in the tightly packed environment of the biofilm push

the larger filamentous phage into each other.%17* When comparing gene expression in planktonic versus
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biofilm P. aeruginosa, the most highly upregulated genes in biofilms were filamentous phage associated
proteins.®® These highly ordered biofiims led to lower water loss and higher antibiotic resistance
compared to their less ordered, filamentous phage-free counter parts.®17t These types of filamentous
phage induced changes to the biofilm led to the persistence of disease through immune evasion and
ineffective clearance after antibiotic treatment. In the other pathogenic Neisseria species, N. meningitidis,
their filamentous phage with high homology to GC filamentous phage have also been seen to increase
biofilm stability.?364 When grown under flow conditions on top of human cell cultures, MDA® containing
bacteria formed much larger biofilms compared to phage deletion strains. This study also demonstrated a
spatial expression pattern, where pili-expressing bacteria were located at the bottom of the biofilm close
to the human cells and phage-expressing cells were at the top of the biofilm. Although it is known that GC
produce similar filamentous phage, it is still unknown whether filamentous phage can impact GC biofilm

fitness.

Another role filamentous phage play in increased pathogenicity is through junctional disassembly
of the epithelium in the bacteria’s host. V. cholerae and C. concisus are human pathogenic bacteria that
contain filamentous phage regions with homology to GC phage regions.>® One of these regions of
homology is within the GC phage gene ORF9. Within V. cholerae and C. concisus, the protein with a
homologous region to ORF9 is the Zonula occludens toxin (Zot) protein.19-2153.66.72 This Zot protein is an
endotoxin known to increase the permeability of the epithelial lining of the intestines during infection of V.
cholerae and C. concisus by interacting with host epithelial cells and leading to the disassembly of tight
junctions of the mammalian cells.1%-2166 This increased permeability of the host epithelial cell lining allows
for increased penetration of bacteria into deeper tissue. Zot and ORF9 are both transmembrane proteins
that aid in the extrusion of phage out of the bacterial cell. 19215266 Within the GC genome there are five
copies of ORF9. The Stein lab has previously investigated whether GC derived purified ORF9 would have
the same effect on epithelial cervical cells as the Zot proteins had in the intestines. When T84 monolayers
of polarized epithelial cells were treated with purified ORF9 protein, high levels of cell death and
junctional disassembly were observed (Figures 5A and B). The same disorganization of the epithelial cell
barrier can be seen when ORF9 is exposed to a cervical explant, a piece of human tissue with its cell

morphology and organization still intact (Figures 5C and D). While this phenotype can be seen with both
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endogenous phage in V. cholerae and C. concisus and purified GC phage protein ORF9, it is still

unknown whether endogenous filamentous phage in GC can lead to epithelial cell disassembly.

Taken together, it has been demonstrated that filamentous phage in a range of bacterial species increase
both transmigration rates across host epithelial cell layers and biofilm fitness. It is known that GC has the
capability of producing functional filamentous phage, however what impact these phage have on the

biology and pathogenicity of GC is still unexplored.52-54

1.5 Significance and Goals

Understanding what drives GC to become more or less pathogenic is essential in being able to properly
prevent and treat this potentially life-threatening disease. With a rising rate in AMR GC cases, it is critical
to determine what can drive the different GC phenotypic changes we see in today’s currently circulating
GC strains. The goal of this research project is to elucidate whether GC genomic organization or
filamentous bacteriophage can impact GC biology. The following aims will address these two processes’

roles in GC biology:

1.5.1 Aim 1: The role of genome organization in GC biology.

While genome organization and reorganization has been investigated in GC, these studies were
limited to only select strains of GC and the biological impact of these genomic organizational differences
was not studied.®® | will first begin to address this aim by determining changes in GC genome
organization in a large group of GC strains. Next, | will analyze the content at the sites of reorganization
to identify the main driver of these reorganization events. Once these changes have been analyzed,
changes in phenotypes (i.e. growth) will be compared between different genomic patterns. Lastly, the

impact of an altered replication termination site on gene expression will be explored.

1.5.2 Aim 2: The role of filamentous bacteriophage on GC biology.

Past studies have shown that GC contain multiple filamentous prophage regions in its

genome and that GC are capable of producing functional filamentous phage.525* However, the impact
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Figure 5. Purified filamentous phage protein ORF9 impacts T84 cell monolayer and cervical
explant integrity. (A and B) Images were taken of T84 monolayers exposed to ORF9 (B) or an
unexposed control (A) for 1 hour. T84 monolayers were stained for ZO1. (C and D) Images were taken of
cervical explants exposed to ORF9 (B) or an unexposed control (A) for 24 hours. Explants were then
fixed and stained for actin (green) cytokeratin (red) and DNA (blue). (Mark Wang - unpublished Stein lab)
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these phage have on GC biology and pathogenicity is widely unknown. To address this question, | will first
explore the impact these filamentous phage have on the growth of GC in various conditions. Next, | will

determine the impact filamentous phage have on GC biofilm production and bacterial aggregation.
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Chapter 2: The role of Genome Organization in GC Biology

2.1 Introduction

GC infection can lead to a wide range of symptoms.! While most female infections are
asymptomatic, some women will develop more dangerous sequelae.! When investigating why GC
presents with such variability in phenotypes, most research to date has focused on allelic differences in
genes between strains. While the overall genome organization in most species is largely conserved |
wondered if differences between infection outcomes could be caused, not by allelic differences, but by
reorganization of the gonococcal genome.2526:31 Research using three well characterized strains of GC
showed that there were large-scale genome organizational differences between strains.38 When
comparing these three strains (FA1090, NG08107, and NCCP11945), the genome could be divided into
14 different blocks of DNA where recombination occurred, with a variety of mobile elements at the sites of
recombination. However, while mobile elements (defined as SSREEs, CREEs, ISs, and phage
sequences) were seen at the sites of inversions and translocations, no consistent pattern emerged as the
key genomic element responsible for all these rearrangements (Table 1). Furthermore, the gonococcus
possesses extensive regions of sequence homology dispersed through any given genome. Therefore, it
was unclear whether these genome reorganizational differences were due to the repetitive elements
described above, or if recombination could occur at any repetitive sequence. Furthermore, it was unclear
if these recombination events were stable or if they impact gonococcal biology. This chapter seeks to
answer this question using the newly collected WHO strains with defined antibiotic resistance patterns

and multiple well characterized strains linked to specific disease outcomes.

Previous research in a variety of species has shown that genomic rearrangements can impact
different phenotypes, as moving genes around can alter genetic expression. One example of this is that
genes closer to the origin tend to have higher expression levels as they will have a higher gene dosage
while replication is happening.?526:31 Most laboratory studies analyzing GC pathogenesis have been
performed using only a handful of well characterized strains that were collected decades ago. While most
laboratories work with a select few strains of GC, there are hundreds of partial and complete GC

genomes in online databases.!4536 | have hypothesized that expanding research studies to more strains
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might allow me to tease out whether genomic organization can impact certain phenotypes when allelic
differences don’t seem to explain phenomena, such as AMR differences. | chose to expand these studies
to a collection of strains that the WHO recently collected. These clinical isolates were collected from
across the globe to better understand the concerning rise in gonococcal AMR. However, how genomic

organization effects these strains’ AMR capabilities is still unknown 473

To date, it is still unexplored whether expanding this type of inquiry to more gonococcal strains
could expose a genomic organizational pattern associated with higher levels of pathogenicity or a
consistent genome feature responsible for reorganization events. | hypothesized that expanding this
study to more GC strains will reveal a consistent pattern driving genomic reorganization and that the wide
range of AMR capabilities could be due in part to evolutionary changes to genome organization that have

occurred in this highly transformable bacterium.

Here | found that when looking at all of the GC genomes that are complete in the NCBI database
as of this date, each GC strain had a unigue genome organization including both inversions and
translocation events. | also saw a consistent pattern of DNA sequence homology on both sides of the
translocation or inversions, consistent with homologous recombination driven reorganization. Polymerase
chain reaction (PCR) analysis of inversion events suggests that these large-scale reorganization events
are both stable and rare. Growth curve analysis demonstrates a wide variability in growth rate among
strains. Proteomic analysis suggests reorganization driven changes to replication termination location
leads to upregulation of many kinds of proteins, including replication, energy metabolism, and AMR
associated genes. Taken en toto, this study suggests that homologous recombination driven genome
reorganization can have large impacts on gonococcal biology and pathogenicity. This study demonstrates
the need for future gonococcal studies to use multiple GC strains from a diverse background to capture

the wide variability in GC phenotypes.
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2.2 Materials and Methods

2.2.1 Whole genome alignment and sequence comparison

All N. gonorrhoeae were obtained through the NCBI database and analyzed using Geneious Prime.
Strain names and their corresponding accession numbers can be found in the appendices at the end. All
sequences used in whole genome alignments were oriented to begin at the origin of replication, which
was defined as the following sequence: AAAATGTCGTCTGAAATGCTGATATTTCAGTATTCCAGA.
Whole genome alignments were completed through a Mauve alignment on Geneious Prime, with LCB
score of 5000 and a match seed weight of 28. Alignments of selected sequence fragments were done
using a Geneious alignment with an alignment type of global alignment with free end gaps and a cost

matrix of 65% similarity (5.0/-4.0).

2.2.2 Growth analysis of N. gonorrhoeae strains

GC were grown overnight on GCK plates and were either analyzed for colony size or moved into broth for
growth curve analysis. For growth curves, 30 mL of GCP broth supplemented with 1% isovitalex and 1%
sodium bicarbonate were inoculated to an ODs00=0.10 with selected GC strain and placed in a G76
gyrotory water bath shaker at 37°C on speed setting 3 for seven hours. OD measurements were taken

once every hour.

2.2.3 PCR verification of small inversion event

DNA from GC was analyzed using the New England Biolabs Q5® High-Fidelity DNA Polymerase
according to package instructions to perform a PCR as per package instructions with 1 puL of DNA in 25
uL reaction. Each cycle had a denature step of 5 seconds and an anneal time of 20 seconds. Anneal
temperatures and elongation times varied depending on the primer pairs used. All primers and their
associated anneal temperatures and elongation times can be found in the appendices at the end of this

thesis.
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2.3 Results

2.3.1 Genomic pattern variation among reference strain’s genomes

Previous research has shown that there is large-scale genomic organizational differences
between strains FA1090, NG08107, and NCCP11945.36 However, this study restricted its analysis to three
gonococcal strains, leaving unanswered the degree to which genome reorganization occurs in the
species. This study began by expanding this question to a larger group of strains. When looking for
patterns in ribosomal RNA (rRNA) and transfer RNA (tRNA) gene locations in GC strains, grouping of
rRNA tRNA gene order and locations started to emerge (Figure 6). While some strains seemed to have
completely unique patterns in their rRNA and tRNA gene locations compared to other strains, such as
WHO L, FQO01, and 34530, other strains seemed to be in a group of strains of the same patterns, such as
the group made of FQ02, MCTC13799, WHO K, WHO P, WHO W, and WHO U. Because | began to see
patterns such as these emerge with an analysis as simple as labeling the locations of rRNA and tRNA
genes, | decided to use the same genome organization analysis tool used in previous research (Mauve
Alignment), but expand the question to a wider variety of GC strains (Figure 7 and Figure S1).3¢ Bacterial
genomes are circular, however, when using a Mauve alignment, the genome must be linearized.
Therefore, | decided to begin all strains at the origin of replication, with the origin in the same orientation
for all strains, as to orient every genome to the same spot. The Mauve alignment using a large group of
GC strains began to show many genomic reorganizational patterns, including large-scale inversions and

translocations within the genome (Figure 7 and Figure S1).

2.3.2 Homologous recombination is the key driver of genome reorganization

Once it had been determined that there were large-scale genome reorganizational events, such
as translocations and inversions, the next question | aimed to answer was what was causing these events
to occur. Previous research suggested that these events were due to individual mobile elements in the
location of these inversions and translocations, including phage genes, insertion sites, CREE, and
SSREESs.38 | sought to see if these sequences were responsible for widespread genome reorganization,
or whether other patterns emerged when analyzing the sites of these reorganization events in a larger

number of strains. Increasing the number of strains will allow this pattern to come to light because more
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Figure 6. Different genome patterns in different strains of GC. Strain names of the sequences are on
the left with their corresponding genomes on right. Black lines represent a linearized version of the
bacterial genome beginning at the origin. Red dashes represent rRNA genes and green dashes represent
tRNA genes. Organized by RNA gene pattern similarity.
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Figure 7. Mauve alignment of various N. gonorrhoeae. Mauve alignment of well established and WHO
strains of N. gonorrhoeae. Each color block represents homologous sequence between strains. All strains
begin with the origin of replication on the left. Mauve alignment of all strains analyzed can be found in
supplemental figure 1.
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reorganizational events can be seen when Mauve alignments are more specific due to a larger sample

size.

When looking at the arrangement of the DNA segment blocks in a Mauve alignment, both large
(>100,000 nucleotides) and small (<100,000 nucleotides) inversions and translocations can be seen
(Figure 7 and Figure S1). To understand what is driving these reorganization events to occur, sequences
from either side of an inversion were analyzed for gene content and homology (Figures 8 and 9). While it
is true that many mobile elements were seen at the sites of reorganization events and that there were
mobile elements scattered throughout the genome, only one genetic pattern could explain nearly every
genome reorganization event found; this pattern was homologous reorganization. While many inversion
and translocation events were analyzed, two have been selected to demonstrate this phenomenon, both
a large and small inversion event (Figures 8 and 9, respectively). In order for homologous recombination
to be driving an inversion, the DNA sequence on either side of the inversion must be nearly identical to
each other until the point where the inversion takes place. In order to analyze this, the DNA sequence a
couple hundred bases in both directions from the site of the inversion were aligned for GC strains with
and without the inversion (Figures 8 and 9). For both the large and small inversions shown below, the
sequences on the “left” and “right” side of these inversions were aligned to see whether there was
homology within each side of the inversion and between the sides of inversion. For both events (and
every other inversion analyzed), there were hundreds of nucleotides of nearly identical sequence on
either side of the inversion. While mobile elements are often found near these sites of inversion, one trait
that all mobile elements have in common is their high levels of homology to each other. This data
demonstrates that the mobile elements seen in previous research at sites of reorganization could be
there, not as the drivers of reorganization, but as areas with high levels of homology driving homologous

recombination.

2.3.3 PCR verification of reorganization events existence and stability

After analyzing dozens of GC strains sequences that were derived from the NCBI database, two
key questions arose that are important to any analysis done using sequence data: 1) are these sequence

differences real or just computer based sequencing error and 2) are these sequence differences stable
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Figure 8. Homologous DNA sequence on both sides of large inversion. (A) Inversion event example
from Mauve alignment (Figure 7). The red circle is indicating the inversion event analyzed. (B) Geneious
alignment of left and right sides from both non-inverted and inverted regions. (Color meaning in Geneious
alignment: gray = same as consensus, pink = A, yellow = G, purple = C, and green =T)
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Figure 9. Homologous DNA sequence on both sides of small inversion. (A) Inversion event example
from mauve alignment (Figure 7). The red circle is indicating the inversion event analyzed. (B) Geneious
alignment of left and right sides from both non-inverted and inverted regions. (Color meaning in Geneious
alignment: gray = same as consensus, pink = A, yellow = G, purple = C, and green =T)
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Figure 10. Confirmation of inversion event in database sequences via PCR detection. Primers to
detect small inversion event (Figure 9) or lack thereof were used. Left half of gel was primers to detect
small inversion event and right half of gel was used to see noninverted genomes. Arrows represent primer
placement and orientation. Blue forward primers were the same regardless of inversion status and placed
in the sequence prior to inversion site, while the pink reverse primer would only work in the inverted
sequence and the green reverse primer would only work in the non-inverted sequence, as the opposite
orientation for the pink and green reverse primer would result in two primers facing the same direction,
resulting in no amplification.
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throughout generations? While many reorganization events were seen and analyzed, there is no way to
be sure if what | am seeing in the database sequence is artificial inversions from sequencing errors or
whether they are true inversions based solely on the sequences from the database. | validated if an
inversion event seen from the sequencing data was both real and stable throughout many generations of
growth via PCR analysis (Figure 10). In order to do this, primers were designed that could detect both the
inverted and non-inverted version of the small inversion event found on in WHO O from figure 9. These
primers worked by having one facing the inversion event, but outside of both the inversion and
homologous sequence surrounding it, and a second primer within the inversion event as pictured below
(Figure 10). This allowed for the detection of both the inverted and non-inverted sequence, as an
inversion detecting primer would be facing the wrong direction for amplification in a non-inverted
sequence and vice versa. This PCR and its resulting gel clearly demonstrate the inversion seen in the
WHO O database sequence is present in the WHO O bacteria used in this PCR, as it was the only strain
to have detected inverted sequence and lacking any non-inverted sequence. Due to the sensitivity of this
PCR technique, these data also demonstrate that these reorganization events are quite rare and stable
throughout generations of bacteria, as any frequency of inverting or reverting this sequence at more than

~one in a billion cells would result in a band in both the inversion and non-inversion primer set.
2.3.4 Growth differences between WHO gonococcal strains

While the WHO GC strains have high levels of genetic homology to each other, there is a wide
variation in the order and orientation of the genes they contain. At the largest scale, one can look at the
orientation, and placement of the origin and termination sequences relative to each other within the
genomes of these strains (Table 2). When analyzing where the termination sequence is in reference to
the origin”of replication, GC strains can be categorized into three main groups: strains where the
termination sequence is just under halfway through the genome (WHO K, WHO O, WHO P, WHO U, and
WHO W), strains where the termination sequence is just over halfway through the genome (WHO Y,
FA1090, I\,/,I,Sll, NCCP11945, WHO F, WHO G, WHO M, WHO N, WHO V, WHO X, and WHO Z), and

WHO L which is unique in that its terminal sequence is only about a quarter of the way through the

genome (Table 2). With WHO L having its termination sequence at a quarter of the way through the
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Table 2. Relative location of various genes involved in antibiotic efflux.

Strain GeSnicz)lt;nea Iocl?airibon f;jci?‘rgagr(i:gei; e fr(cj)ir?:%r:icgein MacA? fr?)irfwt %?;;ein norM fr?)ifnt %?fg?n
WHO Y 2228980 | 1195527 0.54 1684848 0.76 1772279 0.80 818972 0.37
FA1090 2153922 | 1139621 0.53 594766 0.28 511463 0.24 1529483 0.71

IMS11 ORI | 2233640 ] 1150105 0.51 596504 0.27 510072 0.23 1601175 0.72
NCCP11945] 2232025 | 1153245 0.52 1643981 0.74 1731413 0.78 776101 0.35
WHO F 2292467 | 1208315 0.53 626619 0.27 540065 0.24 1657265 0.72
WHO G 2167361 | 1154675 0.53 1583198 0.73 1666087 0.77 777033 0.36
WHO K 2169846 | 1002353 0.46 585594 0.27 499711 0.23 1393966 0.64
\WHO L 2168633 | 584423 0.27 1128511 0.52 197158 0.09 1102650 0.51
WHO M 2178344 | 1154006 0.53 1585011 0.73 1672444 0.77 776912 0.36
WHO N 2172826 | 1155782 0.53 1584161 0.73 1667043 0.77 778143 0.36
WHO O 2169062 | 1004710 0.46 1549125 0.71 1635797 0.75 627112 0.29
\WHO P 2173861 | 1004767 0.46 590553 0.27 502260 0.23 1395187 0.64
WHO U 2234269 | 1007459 0.45 589023 0.26 501813 0.22 1455491 0.65
\WHO V 2221284 | 1148685 0.52 1635778 0.74 1723210 0.78 772685 0.35
WHO W 2222386 | 998073 0.45 583093 0.26 497213 0.22 1445875 0.65
\WHO X 2171112 | 1150814 0.53 1584374 0.73 1670481 0.77 774741 0.36
WHO Z 2229351 | 1150982 0.52 1641017 0.74 1727126 0.77 774727 0.35

aGenome size was determined from the GENBANK entries for each strain as described in the materials and

methods.

bThe dif location was defined as the first Adenine in the sequence AGTTCGCATAATGTATATTATGTTAAAT.
¢Distance from origin was calculated by dividing the dif location coordinate by the total genome size for that

strain.

dLocation of the mtr region was defined by the start codon for mtrE.

eLocation of the macA gene was defined by the start codon for macA.

fLocation of the norM gene was defined by the start codon for norM.
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genome, this means that half of the replication machinery has to make it ~75% of the way through the
genome in order to replicate, as replication happens in a bidirectional fashion.?53! This lead to the

hypothesis that WHO L may in turn grow slower as it would take longer to fully replicate its genome.

In order to test this hypothesis, growth of various WHO strains was compared to lab strains to
determine if any variation in growth phenotypes could be seen. In both broth and agar, a wide variation
ingrowth rates were detected between strains (Figure 11). WHO L grows the slowest in broth and
produces the smallest colonies on agar, compared to all other WHO strains. This demonstrates how
moving the terminal sequence to another point in the genome can have severe consequences on

gonococcal biology.

2.3.5 Selection pressure against replication terminus movement

When examining dozens of GC genomes in the database, | noticed that WHO L was the only GC
strain that didn’t have its replication terminus near the halfway point of the genomes, defined as 40-60%
through the genome compared to the origin (Table 2 and Figure S1). This raised the question of how,
despite the numerous homologous recombination events observed, no other strain appeared to have
shifted its replication terminus as drastically as WHO L. When looking at the homologous recombination
events that occurred in figures 8 and 9, if there were other regions in the genome with high sequence
similarity, | would expect rearrangements happening between these locations as well. When looking at the
large inversion event, | identified a region of 50 base pairs (allowing for 2 mismatches) flanking the
inversion and found only one other instance of this 50 base pair region elsewhere in the genome
(Figures 8 and 11). Although this large inversion is present in many strains, this inversion does not involve
much movement of the terminus location. However, if the inversion between the first and third similar
sequence were to occur, it would significantly shift the terminus location (Figure 11). However, this
inversion was not seen in any of the strains analyzed. When looking at the small inversion in the same
way, its 50 base pair sequence was found multiple times throughout the genome (Figures 9 and 11).
However, many of these sequences are never found near a rearrangement event. Based on the observed
rearrangement events and WHO L’s unique terminus relocation, | hypothesize that selection pressure

likely opposes drastic shifts in the replication terminus.
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This leads to the question: how could WHO L'’s replication terminus shift have come about if
selection pressures typically oppose it? Using FA1090 as a hypothetical parent strain, | found that only
three inversions would be needed to reorganize the genome to match WHO L’s structure (Figure 12). The
first rearrangement is the large inversion seen in many GC strains (Figures 8 and 12). This is followed by
two additional inversions between highly similar sequences, each incrementally shifting the terminus and
ultimately yielding WHO L’s structure. With only three inversions to obtain a WHO L-like genome
organization, this suggests strong selective pressure against this reorganization, as it was not seen in any

other analyzed strain.

2.3.6 Changes in gene expression of key bacterial genes

While the data showed that changing the location of the terminal sequence can have severe
consequences to growth rate, it does not demonstrate how it can impact other pathogenic associated
phenotypes. To analyze this, | examined how genomic rearrangements can impact the expression of
specific genes, and therefore impact different aspects of GC biology. | took advantage of a proteomic data
set published by EI-Rami et al., which analyzed gene expression in the WHO strain set, including AMR
associated genes.*° Due to the drastic shift in overall genomic structure, which would result in an uneven
distribution of replication needs on either side of the origin, | first decided to look at the changes in the
expression of DNA Polymerase Il genes, the polymerase responsible for replicating the genome.?5:31 The
raw proteomic data analyzed in this thesis is taken from the EI-Rami, F. E. et. al. paper (Figures 14 and
15).40 When comparing the expression of various DNA Polymerase Il genes between WHO L and the 8
other WHO strains (WHO G, K, M, N, O, P, U, and V), WHO L had upregulation of 4 of 5 analyzed DNA
Polymerase IIl genes (Figure 14). Due to this upregulation of DNA Polymerase lll, | hypothesized that if
this upregulation causes a higher rate of replication initiation in WHO L compared to the other WHO
strains, that the implication of this would be that genes close to the origin might have higher levels of
expression due to a higher gene dosage per cell. When looking at three genes close to the origin of
replication, all three genes (sigma 70 whose expression could impact overall translation, and Haell and
Haelll whose expression would be expected to be stable in a cell), | found that all of these genes had

higher expression in WHO L compared to the other WHO strains (Figure 14).
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Figure 11. Selection pressure against selecting inversions that move replication terminus site. (A)
Mauve alignment of FA1090 and WHO K, L, and O. (B) Areas of the genome with the same 50 base pair
region (allowing for 2 mismatches) flanking the inversion of either the large inversion (green) or the small
inversion (purple) in figures 8 and 9, respectively. The double-sided red arrow indicates the inversion
seen in multiple analyzed strains while the inversion represented by the dashed black arrow was never
found. A small red arrow indicates the location of the replication terminus site.
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Figure 13. Variation in growth in both broth and agar. (A) Growth curve of various historical laboratory
strains of GC and WHO strains of GC. ODsoo measured every hour in GCP broth. (B) Overnight growth of
colonies of WHO K, WHO L, and WHO N on GCK agar.
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expression for WHO L. Proteomic data analyzed was retrieved from El-Rami, F. E. et. al. paper.?® * =
p<0.05, each dot represents one replicate’s protein expression relative to WHO F expression.
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After seeing an upregulation in protein expression of DNA Polymerase Il genes and genes close
to the origin, | hypothesized that different categories of genes important to bacterial fithess may also have
changes in protein expression in WHO L. RNA Polymerase genes are important in overall protein
expression as it is required for translation of expressed genes. When looking at three RNA polymerase
genes (rpoA, rpoB, and rpoC), all three genes were upregulated in WHO L compared to other strains
(Figure 15). One important aspect of bacterial fithess in the context of in vivo infection is the ability to be
resistant to any number of antibiotics used to treat bacterial infections. When looking at the expression of
three important AMR genes in GC (gyrA, mtrC, and ponA), all three had higher levels of protein
expression (Figure 15). Another key aspect to bacterial fitness is its ability to produce energy in order to
complete various functions within its cell. When looking at three key genes important to the Krebs cycle in
GC (aceE, icd2, and gltA), all three genes were significantly upregulated. All of these data suggest an

upregulation of gene expression in a variety of processes important to bacterial fitness.

2.4 Discussion

This study sought to determine the causes of genome reorganization and its impacts on
gonococcal biology. Previous research on this topic heavily focused on only a handful strains of GC and
hadn’t looked at downstream impacts of genome reorganization on GC biology.3¢ This research showed a
wide variety of genome organizational patterns between GC strains (Figures 6 and 7). These changes to
genome structure showed not only small translocations and inversions, but also large-scale inversions of
regions that were hundreds of thousands of nucleotides in length. One of the major changes seen to
overall genome structure was in WHO L, who had its genomic geography changed drastically, as its
termination sequence was moved to only about a quarter of the way through its genome (Figures 7 and
12 and Table 2). However, with this being the only strain found to move its replication termination site, it is
hypothesized that there must be some selection pressure against doing this (Figures 11, 12, and S1 and
Table 2). This study demonstrated that the key driver of these reorganization events is simply
homologous recombination between highly similar pieces of DNA (Figures 8 and 9), and are not due to
the presence of a specific DNA sequence element, as previously published.®® Homologous recombination

was seen to drive both large and small inversion and translocation events (Figures 8 and 9). While a few
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Figure 15. Multiple bacterial protein types upregulated in WHO L. B) Relative protein expression of
RNA Polymerase genes rpoA, rpoB, and rpoC. B) Relative protein expression of three genes associated
with AMR. C) Relative protein expression of genes involved in citric acid cycle. All solid bars represent
average relative protein expression of WHO strains G, K, M, N, O, P, U and V while hashed bars
represent the average relative protein expression for WHO L. Proteomic data analyzed was retrieved from
El-Rami, F. E. et. al. paper.*® * = p<0.05, each dot represents one replicate’s protein expression relative to
WHO F expression.
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inversions did not appear to have homologous sequences on both sides of the inversion, these
exceptions could be explained by a subsequent translocation that occurred after the inversion had
already taken place. These reorganization events were confirmed in a laboratory setting to demonstrate
that the reorganization events see in database acquired sequence data is truly how the genome is
organized (Figure 10). This data also showed that these reorganizational events are rare and stable,
supporting the conclusion that these are happening via homologous recombination. While past research
showed what was at the sites of reorganization (phage, CREE, SSREE, pilin, etc.), it was not until a
larger range of strains were studied that this key pattern could emerge, emphasizing the need to

encompass many strains of GC into research.

While many instances of homologous recombination are observed, the GC genome contains
hundreds of sites with high sequence similarity. However, we do not see reorganization occurring at
hundreds of these possible homologous recombination sites. As shown in figure 11, there appears to be
some selection pressure against moving the site of replication termination, as a shifted replication
termination site was only in the WHO L train out of dozens analyzed. Other factors may also explain why
specific inversions are not observed in the genome. For instance, an inversion occurring within an
essential gene could disrupt its sequence, resulting in a lethal outcome, thus preventing this inversion
from being seen. Similarly, inversions near promoters could alter gene expression by relocating a gene
closer to or further from a promoter, potentially leading to fatal changes in gene expression and,

therefore, an absence of such inversions in the genome.

Despite the many examples of homologous recombination driven genome reorganization, it is not
well understood why GC uses this mechanism as a means of genome reorganization more often than
other bacterial species. It has been shown that GC lacks an effective SOS-like system, meaning that DNA
repair following global DNA damage, such as during replication fork pausing, does not rely on the SOS
system.”76 |t is possible that GC utilizes homologous recombination more frequently because this may
be the preferred method of DNA repair in response to global DNA damage, whereas other bacterial

species may rely in the SOS DNA repair pathway in addition to normal homologous recombination repair.
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This study also showed a wide variety in growth phenotypes between strains and variations of
gene expression in genes with identical sequences. It is seen in almost every strain of GC that the
terminal sequence for replication is found at about 50% of the way through the genome. In WHO L, this
changed to about 25% of the way through its genome. This new location means that half of the DNA
replication machinery must travel ~75% of the way around the genome during each replication, as DNA
replication happens bidirectionally. This drastic change caused a severe growth defect to be found in
WHO L, with barely any growth observed (Figure 13). With drastic changes to growth fithess phenotypes
and overall genomic structure, it was still unknown how these changes can impact the expression of
various gene types in GC, both in genes grouped by function and location within the genome. It has been
seen in countless species of bacteria that gene location and orientation can drive differences in gene
expression.2>26.31 However, this is the first time analyzing how large-scale genomic structural changes
can drive changes in gene expression in GC strains. Due to WHO L’s slow growth rate coupled with its
higher expressed DNA replication machinery, there is an upregulation of protein expression found in
genes near the origin of replication (Figure 14). This can lead to an accumulation of these proteins, which
in turn can drive phenotypic changes to the bacteria. Not only are DNA replication proteins upregulated in
WHO L, but translation proteins are upregulated as well (Figure 14). Higher expression of translation
machinery coupled with higher dosage of genes due to slow growth and high levels of DNA replication led
to the question of whether this can impact expression of genes directly linked to bacterial fithess. The
WHQO'’s high concern regarding the rising levels of AMR led to analysis of the expression of genes highly
associated with AMR within GC strains. While most studies focus on mutations within these genes or their
regulators, this study focused on whether its possible that these genes are upregulated in the highly
resistant WHO L strain, which could in turn be contributing to the higher level of AMR seen. This data
suggests that many AMR associated genes are expressed significantly more than the other WHO strains
analyzed (Figure 15). Energy metabolism pathways are also important to bacterial fithess, as most key
functions in bacteria require energy. When looking at multiple Krebs cycle genes, three of the analyzed
genes were significantly upregulated in WHO L. With WHO L exhibiting slow growth and upregulation of
key protein types, such as AMR and energy metabolism, this can lead to the accumulation of these

proteins, thereby increasing bacterial fithess without changing the overall gene content. Genomic
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organization causing a large variation in a range of phenotypes within GC strains demonstrates that gene
location and orientation, in addition to sequence variation, can impact the differences seen both in
research and clinical outcomes between GC strains. Future research should keep this in mind when

trying to elucidate genetic causes of unexplained phenotypic variation seen between GC strains.

The key conclusions from this chapter highlight the importance that GC studies should contain
multiple GC strains in order to fully capture the variations between GC genome organization. The WHO
collected and created the WHO GC strains to better understand the state of currently circulating strains of
GC in the world today. These strains had higher levels of variation in their genomes compared to the
historical lab strains, highlighting the need to keep GC studies relevant to fresh clinical strains and keep
GC strain variation in mind when designing studies. One of the key goals of this study was to determine
whether genome organization can impact changes in gene expression. The drastic change to WHO L’s
genomic structure being associated with significant changes in gene expression demonstrates exactly
this. WHO L has very high levels of AMR to many types of antibiotics. While it is still unknown whether
altering AMR-associated gene location or changing overall genome structure can directly cause higher
levels of AMR, this study clearly illustrates the need to investigate phenotypic changes driven by elements
outside of allelic differences. With the rising threat of AMR within GC strains today, this study
demonstrates the need to keep the strains studied in the lab updated and relevant to the state of GC

actively being spread in the world.
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Chapter 3: The role of Filamentous Bacteriophage in GC Biology

3.1 Introduction

While the previous chapter focuses on the gonococcal genome and its organization, GC
genomes also contain sections of DNA that are viral in nature. Within GC, prophage DNA makes up about
7% of the genome.52% GC has within it four filamentous prophage regions, which in FA1090 are known
as Ngo®6-9 (or PHI6-9) (Figure 4).525%6 Though these filamentous phage take up tens of thousands of
bases of the genome, little is known of their impact on gonococcal biology. These phage have many
homologous ORFs in their sequences. These ORFs are not only homologous to each other, but also to
other species such as N. meningiditis and V. cholerae, with some of these homologous genes conferring
heightened pathogenicity to their bacterial hosts.?1235357 Filamentous phage confer a variety of
advantages to their bacterial hosts. Adding the V. cholerae filamentous phage, CTX®, into non-
pathogenic strains can leads to an increased virulence of these strains.®” The filamentous phage ®PRSS1,
found in the phytopathogen R. solanacearum, enhances its host’s virulence through changes in motility
and extracellular polysaccharide synthesis, leading to early wilting tomato plants.®® Filamentous phage
have also been seen to aid bacterial host survival in Pseudoalteromonas spp. in the extreme conditions of
artic sea ice by impacting processes such as growth rate, salinity tolerance, motility, and chemotaxis.5°
While filamentous phage have been shown to confer a variety of advantages to their host bacterium, this
study focuses on two specific advantages that are important to the pathogenicity of GC: bigger and

stronger biofilms and junctional disassembly of human cells leading to higher penetration of

bacteria.23:50.60.62,64,65,67,77

Filamentous phage in a variety of species have a role in pathogenicity through their involvement
in biofilm stability. 616471 When comparing P. aeruginosa gene expression in planktonic versus biofilm
bacteria, the most highly upregulated genes in biofilms were filamentous phage associated proteins.®3
Phage containing biofilms lead to lower water loss and higher antibiotic resistance compared to their less
ordered, filamentous phage-free counter parts.5171 In the other pathogenic Neisseria species, N.
meningitidis, their disease associated filamentous phage, MDA®, seems to increase biofilm stability.?3:64

When grown under flow conditions on top of human cell cultures, MDA®-containing bacteria produced
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much larger biofilms compared to phage deletion strains. This study also demonstrated a spatial
expression pattern, where pili-expressing bacteria were located at the bottom of the biofilm close to the
human cells and phage-expressing cells were at the top of the biofilm. These types of changes to the
biofilm due to the presence of filamentous phage can lead to the persistence of disease through immune
evasion and ineffective clearance after antibiotic treatment. While it is known that GC produce filamentous

phage, it is still unknown whether filamentous phage can impact GC biofilm fitness.

Another role filamentous phage play in increasing pathogenicity is through junctional disassembly
of the epithelium in the bacteria’s host. V. cholerae and C. concisus are human pathogenic bacteria
containing filamentous phage regions with homologous regions to GC.5® One of these regions of
homology is within the GC phage gene ORF9, which has high homology to the V. cholerae and C.
concises endotoxin Zot.19-2153.66.72 This Zot protein is known to increase the permeability of the epithelial
cell lining of the intestines during infection by interacting with host epithelial cells and leading to the
disassembly of tight junctions between the mammalian cells.1%2166 This increased permeability of host
epithelial lining allows for increased penetration of bacteria into deeper tissue. Zot and ORF9 are both
transmembrane proteins that aid in the extrusion of phage out of the bacterial cell. Within the GC genome
there are five copies of ORF9. The Stein lab has previously explored whether GC purified ORF9 has the
same impact on the epithelial cervical cells as the Zot proteins had in the intestines. When T84
monolayers of polarized epithelial cells were treated with purified ORF9 protein, high levels of cell death
and junctional disassembly were observed (Figures 5A and 4B). The same disorganization of the
epithelial cell barrier can be seen when ORF9 is exposed to a cervical explant, a piece of human tissue
with its cell morphology and organization still intact (Figures 5C and 4D). While this phenotype can be
seen with both endogenous phage in V. cholerae and C. concisus and purified phage protein ORF9, it is

still unknown whether endogenous filamentous phage in GC can lead to epithelial cell disassembly.

While there is a consistent pattern of filamentous phage being associated with increased
pathogenicity for their bacterial hosts in a wide range of species, little is known about the impact of
filamentous phage on GC biology and pathogenicity. This study aims to determine the prevalence of

these phage amongst GC strains and their impact on GC bhiology and pathogenicity. | hypothesize that
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GC filamentous phage can confer increased pathogenicity by impacting various aspects of GC biology. To
test this hypothesis, | used an isogenic derivative of strain FA1090 (FA1090Afil) that lacked the four
phage genomes using a PCR/spot transformation protocol. The correct deletions of the various phage
encoding regions were verified by DNA sequencing. | found that FA1090Afil grew poorly at 37°C in both
broth and on agar, as compared to FA1090 Wild Type (WT). However, there was no difference when the
strains were grown at 34°C or when grown without shaking. When these strains were analyzed for their
ability to produce biofilms, no differences were seen in the overall biofilm’s biomass, yet the overall
structure of the biofilms were different, with FA1090Afil producing taller and rougher biofilms. FA1090Afil
formed larger bacterial aggregates than FA1090 WT. Taken en toto, these data suggest that filamentous
phage provide the gonococcus with a growth advantage and can impact different aspects of gonococcal

infection mechanisms such as biofilm structure and aggregation capabilities.

3.2 Materials and Methods

3.2.1 Growth of N. gonorrhoeae strains

GC were grown overnight on GCK plates and either analyzed for colony size, moved into broth for growth
curve analysis, or used downstream for further experimentation. For growth curves, 20 mL of GCP broth
with 1% Kellog’s supplement and 1% sodium bicarbonate were inoculated to a Klett=10 with selected GC
strain and placed in a shaker at 37°C or 34°C for 24 hours. OD measurements were taken once every

hour for 6 hours and again at 24 hours

3.2.2 Creation of Filamentous Bacteriophage Mutants

The GC strain FA1090Afil was constructed by Zhu Han in the Stein lab. Locations and gene content of
each region can be found below (Figure 16). This is a strain of FA1090 with all four regions of filamentous
phage regions deleted out of its genomes. First, PCR amplification of upstream and downstream regions
of each phage region in FA1090 WT were completed with restriction enzyme sequences at the 5’ end of
each primer (Figure 17). These sequences were then ligated together (PHI6) or around an antibiotic
cassette (PHI7-9) and transformed into FA1090 to create deletion regions. DNA from FA1090 WT and

FA1090Afil strains were then purified using Monarch® Plasmid Miniprep Kit according to package
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instructions and sent to Plasmidsaurus© for DNA sequencing (n=2). This sequence data was used for

sequence verification of the deletion mutant.

All single, double, and triple phage deletion GC strains are in a FA1090 background of either wild type
FA1090 or a FA1090Afil strain. Creation of single, double, and triple mutants were made using spot
transformation, with the exception of antibiotic selection for the deletion of PHI8 and PHI9 regions.
Deletion region DNA was added to FA1090 WT or phage region DNA was added to FA1090Afil followed
by a PCR verification screen using the New England Biolabs Q5® High-Fidelity DNA Polymerase or
LongAmp® Taq DNA Polymerase according to package instructions to perform a PCR with 1uL of DNA in
25uL reaction. “Deletion region” and “phage region” DNA fragments were created via PCR of desired
region (APHI6, APHI7, APHI8, or APHI9 / PHI6, PHI7, PHI8, or PHI9) in either FA1090Afil or FA1090 WT,
respectively. All primers and their associated anneal temperatures and elongation times can be found in

the appendices at the end.

3.2.3 Biofilm Analysis of GC

GC was grown overnight on GCK plates. 300pL of each GC strain at an OD=0.1 was added to an 8-well
glass chamber slide and grown for either 6 or 24 hours at 37°C or 34°C. After 6 or 24 hours, 50uL of
Acridine Orange was added to each well and placed back in the incubator for 20 minutes to allow proper
staining. After staining concluded, 9 Z-stack images were taken per well of the biofilm on a Zeiss LSM
980 with Airyscan 2 confocal microscope using a 40X objective. These 9 images were taken distributed
around the well and did not overlap on the X/Y plane. The number of stacks per image varied, as Z-stacks
were set from the first Z-plane location where no bacteria were visible underneath the biofilm to the first Z-
plane location where bacteria are no longer visible above the biofilm. The laser excitation wavelength
value was 488 and the emission wavelength value was 509. Biofilm images were then analyzed using

Comstat 2.0 on FIJI with automatic thresholding and connected volume filtering turned off.

3.2.4 Aggregation analysis of GC

GC was grown overnight on GCK plates. 198uL of each GC strain at an OD=0.0033 was added to an 8-

well glass chamber slide and grown for 4.5 hours at 37°C. After 4.5 hours, 2pL of 1mM Syto9 was added
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to each well and placed back in the incubator for 20 minutes to allow proper staining. After staining
concluded, 9 Z-stack images were taken per well of the aggregates on a Zeiss LSM 980 with Airyscan 2
confocal microscope. These 9 images were taken distributed around the well and did not overlap on the
X/Y plane. Number of stacks per image varied, as Z-stacks were set from the first Z-plane location where
no bacteria were visible underneath the aggregates to the first Z-plane location where bacteria are no
longer visible above the aggregates. Images were taken in both brightfield and a syto9 channel with laser
excitation wavelength value was 483 and the emission wavelength value was 500. Aggregates were then
measured via 3D Object Counter on FIJI, where first the color channels were split and the syto9 channel
was made into a maximum projection before being analyzed by 3D object counter. Biomass of the total

bacteria in the field of view was quantified using Comstat 2.0 as in the biofilm analysis.

3.2.5 DNA sequencing and verification of GC

DNA of GC was extracted using the New England Biolabs Monarch® Genomic DNA Purification Kit.
Purified DNA was then sent to Plasmidsaurus for DNA sequencing. Sequenced DNA was then analyzed
on Geneious Prime to ensure expected mutations were present by analyzing deletions and SNPs of
sequenced FA1090Afil as compared to sequenced FA1090 WT. Each strain was sequenced twice. Link to

sequence data can be found in the appendices at the end.

3.2.6 Statistical Analysis

Experiments were repeated as three independent trials and data was analyzed using GraphPad Prism 10
(GraphPad Software, La Jolla California USA). P-values were determined either by student’s t-test when

comparing only two groups or ANOVA when more than two groups are being analyzed.

3.3 Results

3.3.1 Genetic Composition of FA1090 Wild Type and FA1090Afil GC

This entire study is designed to understand whether filamentous phage have any impacts on
gonococcal biology. To begin to tackle this question, a strain of GC was designed lacking all the
filamentous phage regions within its genome (Figures 16 and 17). FA1090 contains four areas of

filamentous phage genes within its genome, all with high homology to each other. The location of these
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regions and the order and orientation of these genes differ between strains of GC, but all GC strains in
the NCBI database to date contain four regions containing filamentous phage genes. The locations and
gene orders / orientations within FA1090, the GC strain used in this study, can be seen below (Figures
16A and 16B). To see what impacts these phage regions have on GC biology, | compared wild type
bacteria to FA1090Afil. FA1090Afil contains no filamentous bacteriophage genes in its genome, with three
of the four phage regions now containing an antibiotic resistance cassette (PHI7-9) or a deletion with
nothing new added to it (PHI6) (Figure 17). The GC strain FA1090Afil was constructed by Zhu Han in the
Stein lab via PCR amplification of upstream and downstream regions of each phage region in FA1090 WT
followed by ligation together (PHI6) or around an antibiotic cassette (PHI7-9) and transformed back into
FA1090 to create deletion regions. These genotypes were confirmed via DNA sequencing done in
duplicate (Figure 18). This sequencing data showed complete deletion of the phage regions with no other
major changes to the genome. While some SNPs or other changes were seen in the sequencing data, all
changes were either not consistent between duplicates which could suggest natural variation in a
nucleotide, in non-coding regions of the genome, differences between sequenced data and NCBI
database sequence of FA1090 WT, or in long stretches of repeated sequences (ex. GCGCGCGCGC)

which are common areas prone to sequence assembly error (Figure 18).

3.3.2 Filamentous Bacteriophage are Required for Growth

The first question investigated in this study was whether there is an impact on growth by the
presence of filamentous phage genes. A growth culture of both FA1090 WT and FA1090Afil were grown at
37°C with shaking to allow for oxygenation, as these conditions mimic the state in the FRT (Figure 19).
When grown in these conditions, the data shows that these filamentous phage regions are absolutely
required for growth at 37°C with shaking, as removing the filamentous phage regions leads to a severe

growth defect.

After discovering this strong growth defect in the FA1090Afil mutants in these standard laboratory
growth conditions, | next wanted to ask whether this defect was present or rescued in various conditions
that are physiologically relevant to different GC infection environments. When looking at how temperature

could affect this defect, the growth curve data suggests that this defect is not present when the
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temperature is dropped to 34°C (Figure 19). This temperature is more similar to the conditions found in
the context of male urogenital infections.” GC biofilms often develop into an anaerobic environment,
which is where high levels of flamentous phage are expressed.” Due to this, | also wanted to see how
removing oxygenation can impact the growth of the FA1090Afil mutant. In order to do this, flasks were
grown in the same conditions at 37°C, however they were grown statically rather than with shaking. When
shaking is removed from growth conditions at 37°C, the growth defect seen with shaking is rescued in
static conditions in the FA1090Afil mutant (Figure 20). Two factors change in static conditions compared
to that of shaking conditions: the amount of shear stress and the availability of oxygen. To determine if the
lack of shaking is causing anaerobic conditions in the flask to lead to the rescue of growth, NaNO: is
added to the flasks in shaking conditions. As NaNO: is the preferred final electron accepter in the ETC in
anaerobic conditions, adding this to aerobic growth conditions (shaking) will allow FA1090Afil mutants to
use NaNO: as its preferred electron accepter if using O: in this process is what is causing the growth
defect.®1 When grown in aerobic conditions with shaking and NaNO2, FA1090Afil mutants were still unable
to grow compared to FA1090 WT (Figure 20). These data suggest that filamentous phage in GC are
required for growth at 37°C with shaking, but lowering the temperature or removing shaking of the flask
allows for this growth defect to be rescued.
3.3.3 All Four Regions of Filamentous Bacteriophage Genes not Required for Rescue of Growth
So far, this study has exclusively looked at the impact of filamentous bacteriophage with either all
the filamentous phage regions present (FA1090 WT) or all four regions of filamentous phage regions
deleted from the genome (FA1090Afil mutants). The next question analyzed was whether all four regions
of filamentous phage genes are required to rescue growth or if growth is rescued with only the presence
of one, two, or three of these regions. In order to answer this, mutants lacking only some of the phage
regions were created via spot transformation or antibiotic selection to see the effect of deleting specific
phage regions. Growth rates were analyzed in strains with either one or two regions taken out of FA1090
WT (designated “A [phage region deleted]”) or phage regions added back to FA1090Afil mutants
(designated “Afil + [phage region inserted back into genome]”) (Figure 21). The growth curve data
suggests that all four filamentous phage gene regions are not required for wild type levels of growth

(Figure 21). This data shows that when three or two phage regions are present, specifically PHI6 and
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Figure 16. Filamentous prophage regions in FA1090 genome. (A) Length of prophage regions in
genomes and order/orientation of genes in PHI6 through PHI9 in FA1090 as adapted from Piekarowicz et

al.’?

Blue arrows represent structural genes. Orange arrows represent replication genes. Pink arrows

represent secretion genes. Green arrows represent integrase genes (B) Location of filamentous prophage
regions within the FA1090 genome.
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Upstream Antibiotic Cassette

1662 bp
BamHI| Hindlll

) (T

CCGCATATAAGGGTAATCCC

1340 bp
BamHI| Pstl

Downstream
1753 bp
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GGCAACAGGAATTTATCGTA
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Chloramphenicol

GCCTTTTTTCCTTTCGGGAT

' 814 bp l

TCGAACAAATCAAACGAAAG
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Figure 17. Construction of filamentous prophage region deletions in FA1090Afil genome. Depiction
of antibiotic resistance cassettes that replaced respective prophage regions in FA1090Afil mutants, apart
from PHI6 which has a deletion of the prophage region without an antibiotic resistance gene inserted in its
place. Under the upstream and downstream region boxes are the 20 bases (on the same strand of DNA)
flanking the deletion region. Primers at both upstream and downstream shown with their corresponding
restriction enzyme and their distance from the last base of the primers facing the phage region to the last
base before the deletion. These primers were used to amplify the regions flanking the corresponding
phage regions and ligated together (PHI6) or around an antibiotic cassette (PHI7-9) and transformed into
FA1090 to create deletion regions. These deletions were verified via DNA sequencing (n=2). Primer

sequences can be found in the appendices at the end.
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Figure 18. Sequence analysis of FA1090 WT and FA1090Afil. (A-D) Sequence data of phage deletion
regions (PHI6-9 in order) of FA1090 WT and FA1090Afil in duplicate as compared to FA1090 WT NCBI
sequence data. PHI6 displays a deletion with no sequence added between upstream and downstream
regions while high levels of non-consensus sequence displayed in PHI7-9 deletion regions are antibiotic
resistance cassettes. Blue arrows in FA1090 WT NCBI sequence indicated area of phage region. (E) An
example of changes between FA1090 WT and FA1090Afil sequences that are most likely sequence
assembly error. The region showing low homology at bases 113-153 are in a string of CTTCT repeats
which is a high density area for sequence assembly error and the single nucleotide insertion at base 187
that is not consistently found in both duplicates of FA1090 WT sequencing.
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Figure 19. Filamentous phage required for growth at 37°C. Growth curves over 24 hours at 34 or
37°C with shaking for oxygenation. Error bars = SD. n=3
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Figure 20. Growth defect in FA1090Afil mutants rescued in static growth conditions. Growth curves
over 24 hours. Strains grown shaking, in static conditions, or with shaking and supplemented 10mM
NaNO: respectively. Error bars = SD. n=3
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regions and “Afil +...” represent FA1090Afil strain that has phage regions added back in. Error bars = SD.

n=3

54



PHI7, growth of the GC is the same FA1090 WT. When only the PHI7 phage region is present, growth is
restored to an intermediate level of growth that is higher than the FA1090Afil mutant, while not fully
restored to wild type levels. This data shows that PHI8 and PHI9 are not required for growth of FA1090

GC, while PHI7 seems to have the largest impact on growth of all filamentous phage regions.

3.3.4 Filamentous Bacteriophage Promote Smoother and Shorter Biofilms

One key aspect to bacterial fithess and survival during infection is its ability to form biofilms, yet it
is unknown how filamentous phage impact GC biofilms. The effect of filamentous phage on GC biofilm
size and structure was investigated by quantifying three-dimensional confocal microscopy pictures using
Comstat 2.0 in FIJI at either 34°C or 37°C for 6 or 24 hours (Figures 22-24). After 24 hours of growth,
biomass of the biofiims at both temperatures were the same between FA1090 WT and FA1090Afil
(Figures 23 and 24). However, while the overall size of the biofilm didn’t change, aspects of the structure
did. FA1090Afil had taller and rougher biofilms at 37°C and taller biofilms at 34°C by 24 hours (Figures 23
and 24). This supports that filamentous phage promote smoother and shorter biofilms in GC at a variety

of physiological relevant temperatures.

3.3.5 Filamentous Bacteriophage inhibit gonococcal aggregation

After demonstrating that filamentous phage promote smoother and shorter biofilms, |
hypothesized that the mechanism of this change might be due to filamentous phage promoting
gonococcal aggregation. Bacterial aggregation has been seen to promote organization of the biofilm, as
pulling on neighboring bacteria can lead to changes in biofilm structure.8? Aggregation was studied
similarly to the biofilm assays, using three-dimensional confocal microscopy image quantification in FIJI,
but for a shorter amount of time and at a lower starting concentration, which allows for seeing individual
aggregates before biofilm formation (Figure 25). This aggregation data shows that filamentous phage
unexpectedly inhibit aggregation, with FA1090 WT producing significantly smaller aggregates than
FA1090Afil (Figure 25 and 26). Due to the role of pilin on aggregation, aggregation was studied using GC
that were both expressing and not expressing pili (Figure 25 and 26, respectively). Pilin expression does
not seem to impact the role of flamentous phage on aggregation inhibition, as FA1090 WT had smaller

aggregates than FA1090Afil, regardless of pilin expression. This increase in aggregation is not due to
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6 hr

24 hr

Figure 22. Representative images of biofilm assays at 37°C at 6 and 24 hours. Representative
maximum projection Z-stack images taken with 40x objective. Square images are of the XY plane and
rectangular images below are rotated 90 degrees to the YZ plane.
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Figure 23. Filamentous phage promote shorter and smoother biofilms at 37°C. Quantitative analysis
of biofilm assay z-stack images conducted at 37°C as analyzed by Comstat 2.0. Aspects of biofilm
analyzed include total biomass of the biofilm (A), roughness of the top of the biofilm (B), The maximum
height of the biofilm in each image (C), and the average height of the biofilm (D). Statistics only analyzed
within same time points. * = p<0.05, ** = p<0.01, ** = <0.001, **** = p<0.0001. Error bars = SD, n=3,
each replicate has 6-9 images analyzed
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Figure 24. Filamentous phage promote shorter biofilms at 34°C. Quantitative analysis of biofilm
assay z-stack images conducted at 37°C as analyzed by Comstat 2.0. Aspects of biofilm analyzed include
total biomass of the biofilm (A), roughness of the top of the biofilm (B), The maximum height of the biofilm
in each image (C), and the average height of the biofilm (D). Statistics only analyzed within same time
points. * = p<0.05, ** = p<0.01, ** = <0.001, **** = p<0.0001. Error bars = SD, n=3, each replicate has 8-
9 images analyzed. Each dot represents an individual image.
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Figure 25. Filamentous phage inhibit bacterial aggregation in piliated GC. Quantitative analysis of
aggregation assay z-stack images conducted at 37°C using piliated GC as analyzed by FIJI / Comstat
2.0. (A) Representative images of FA1090 WT and FA1090Afil. (B) Aggregate size with aggregates being
defined as minimum of 4 bacteria and each dot representing an individual aggregate. C) Overall biomass
of the image including aggregates and individual diplococci, with each dot representing an individual
image. * = p<0.05, ** = p<0.01, *** = <0.001, **** = p<0.0001. Error bars = SD, n=3, each replicate has 6-
9 images analyzed
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Figure 26. Filamentous phage inhibit bacterial aggregation in non-piliated GC. Quantitative analysis
of aggregation assay z-stack images conducted at 37°C using non-piliated GC as analyzed by FIJI /
Comstat 2.0. (A) Representative images of FA1090 WT and FA1090Afil. (B) Aggregate size with
aggregates being defined as minimum of 4 bacteria and each dot representing an individual aggregate.
C) Overall biomass of the image including aggregates and individual diplococci, with each dot
representing an individual image. * = p<0.05, ** = p<0.01, *** = <0.001, **** = p<0.0001. Error bars = SD,
n=3, each replicate has 9 images analyzed
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more bacteria in the field of view, as biomass is not significantly different between FA1090 WT or
FA1090Afil (Figure 25 and 26). This shows that biofilm structural differences is not due to stronger

bacterial aggregation, as filamentous phage inhibit bacterial aggregation

3.4 Discussion

This study sought to elucidate whether filamentous bacteriophage had any impact on gonococcal
biology. The data in this chapter clearly illustrates the profound impact filamentous phage have on GC
biology, both on general growth fithess and in the context of biofilm and aggregate production.
Filamentous phage is absolutely required for growth of GC at 37°C with shaking conditions, as removing
the filamentous phage regions from the genome led to little growth in the FA1090Afil mutant (Figures 20
and 21). Impacts at this temperature are important, as the FRT is around 37°C, an important site of
infection.®® Filamentous phage’s impact on growth was also studied in a variety of conditions due to the
wide variability in GC infection environments. While the FRT is not under constant shear stress, it is not
completely static either. The ability to grow at body temperature with some level of mechanical stress is
vital for GC survival in the human body. The FRT also has varying levels of oxygen availability, depending
on the stage in the menstrual cycle.8 It is important to keep in mind that GC infection has a wide variation
of clinical outcomes. Part of that variation is due to the fact that GC must infect both the complicated
geography of the FRT, containing multiple cell morphologies, a complex microbiota community, and
varying oxygen and pH levels throughout the menstrual cycle, and the completely different structure of the
male urogenital tract.16883 While the FRT is around 37°C, the male urogenital tract is often cooler, at
around 34°C.”® Unlike the FRT, the male urogenital tract is subjected to high levels of shear stress during
urination.8* GC can also have local infections in other parts of the human body, including the pharynx,
eyes, and rectum.'® Each of these locations comes with its own individual stressors, ranging from
variations in temperature, shear stress, pH, oxygen availability, host cell structure, and local immune
responses. The growth defect seen in FA1090Afil being present in only specific temperatures and levels
of shear stress might indicate that filamentous phage are vital to growth during infection, but only in

specific infection environments.
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It was demonstrated that not all four regions of the filamentous phage genes are required to see
rescue to wild type levels of growth, as having two or three phage regions allowed for growth to be equal
to wild type levels (Figure 21). However, the molecular mechanism of filamentous phage growth
advantages at specific conditions has not been investigated during this study. One hypothesis is that one
or more filamentous phage genes are impacting the ability of GC to grow at specific conditions and when
this gene is removed, GC can no longer grow at these conditions. In Vibrio parahaemolyticus, one lytic
phage gene was seen to impact both bacterial growth and bacterial membrane integrity, with growth
defects varying with temperature.®> While this phage gene is from a lytic phage and not a filamentous
phage, it is possible that filamentous phage proteins are capable of similar effects. FA1090’s filamentous
phage have multiple genes of unknown function including ORFs 2, 3, and 12, with ORF12 containing a
transmembrane domain.525456 |t is possible that one of these proteins is conferring some advantage to
growth at 37°C. If ORF12 is responsible for this phenotype, it could explain why PHI8 and PHI9 are not
required for growth in these conditions, as they lack ORF12 in their genomes, but only restoring PHI7 is
not enough to restore to WT levels of ORF12 expression (Figure 17). Since ORF12 has a transmembrane
domain it is possible that it could be impacting bacterial membrane integrity as in V. parahaemolyticus
phage.®> Temperature and shear stress have been seen to impact membrane integrity, which could
explain why growing GC in lower temperatures or static conditions restores growth to FA1090Afil.84.86-88 |f
these phage are causing changes to membrane integrity, and therefore growth of the GC, this would
explain why adding NaNO:2 to a shaking flask does not restore growth, as lower mechanical stress rather
that lower oxygen availability is driving the rescue of growth in FA1090Afil. This hypothesis can be tested
by reintroducing these individual phage genes back into the genome, rather than whole phage regions,

and seeing whether growth is rescued compared to FA1090Afil.

A second possibility is that the phage regions are impacting the expression of neighboring genes
in the bacterial genome, as PHI6-9 have possible gene promoters pointing out towards the surrounding
bacterial genome.52 Two phage regions have flanking genes immediately adjacent to the phage regions
that are oriented in the correct direction in order to be influenced by the phage region promoters. One is a
TIGR02594 family protein with unknown function near PHI9. PHI7 however has a LD-carboxypeptidase

and a Histidine triad (HIT) domain containing protein, as predicted by NCBI sequence data (Figure 18).

62



HIT domain proteins are found in both bacterial and eukaryotic cells and have been linked to a variety of
processes such as galactose metabolism, DNA repair, and tumor suppression.® LD-carboxypeptidase is
involved in peptidoglycan recycling and is essential in E. coli for survival in stationary phase.® |t is
possible that deleting the PHI7 phage region heavily impacts one or both of these gene’s expression
levels, which could in turn impact GC’s ability to grow, as all strains with PHI7 can grow. FA1090Afil +
PHI7 may have intermediate growth if reinserting the phage regions was not identical at the insertion site,
leading to less expression than WT levels. To test whether these proteins are responsible for FA1090Afil’s
growth defect, adding LD-carboxypeptidase and/or the HIT domain protein back in on a plasmid with an
inducible or constitutive promoter will determine if the growth defect is from phage induced expression of
these bacterial genes rather than phage production / phage proteins. A second approach would be

reinserting PHI7 somewhere else in the bacterial genome to see the impact on GC growth.

A third possibility is that a protein regulating phage expression can bind elsewhere in the genome.
Many phage encoded genes have the capability of binding to DNA, and therefore can effect transcription
of genes, both within the bacterial and phage genomes.525 Many ORFs contained in the phage have
unknown functions, have predicted DNA binding domains, or share homology with filamentous phage
genes capable of DNA rearrangements (often DNA excising) and transcriptional regulators.52 One
example is ORF6, which contains a predicted zinc finger domain.>2 Zinc finger domain containing proteins
often bind to DNA and RNA and are involved in a variety of processes, such as transcription and
replication regulation, protein degradation, and DNA repair.®2 ORF1 has high homology to the protein
RstA, a protein required for replication of phage genomes in CTX®. RstA’s repressor, RstR, doesn’t seem
to have high homology to any protein in GC, however ORF13 is located in the same place and in the
same orientation (opposite to the rest of the genes) in PHI6 as RstR is in CTX®.5265 ORF11 encodes a
predicted transposase gene, capable of binding to and moving DNA in and out of the bacterial genome.5?
ORF2 has some homology to RstB, a single stranded DNA binding protein involved in phage
replication.5265 With all of these genes in the phage genome able to bind to DNA/RNA and alter gene
expression, it is possible that these proteins are acting on genes outside of the phage regions. If one or
more of these genes is altering gene expression for proteins required for growth at 37°C, either through

repression or promotion of expression, removing this protein could be responsible for the growth defect in

63



FA1090Afil. If the bacterial genes impacted by phage transcription regulators are only required for growth
in 37°C or with shaking, this could explain why growth defects are only seen under certain conditions.
Many GC genes are differentially regulated in different infection contexts, especially between male and
female infections.?® Transcriptomic data found that filamentous phage genes are highly enriched in female
GC infections when compared to male urogenital infections.®® With FRT infections being at a higher
temperature than male urogenital infections (37°C vs 34°C respectively), this could highlight the
importance of filamentous phage’s role in environmental specific gene regulation, specifically at 37°C.7883
If a phage gene can impact global gene expression of bacterial genes important to FRT infection, rather
than male urogenital infection, this could point to why clinical outcomes for male and female infections
have such wide variation. Gene expression studies such as RNA-seq or proteomic studies of FA1090 WT
and FA1090Afil at 37°C and 34°C could help elucidate which bacterial genes are being differentially
expressed between varying temperature conditions in the presence or absence of phage genes. To
further investigate which phage gene or genes could be changing bacterial gene expression,
reintroducing individual phage genes and repeating RNA-seq studies could point to a specific mechanism

of temperature dependent gene expression regulation.

Another aspect of environmental impacts on the growth of FA1090Afil is oxygen availability. This
growth defect was not only temperature dependent, but also dependent on the shaking of the growth
media. Shaking of the flask changes two aspects of the growth environment, shear stress applied to the
bacteria and the availability of oxygen. Discussed above in this section is how shear stress on the
bacteria can impact bacterial growth if the membrane is compromised due to missing phage surface
proteins. However, it is possible that the shaking or lack of shaking of the flask changed the effect of the
phage deletion on growth through changing the availability on oxygen. Oz can directly regulate genes in
GC on a transcriptional level, including the gene aniA, which encodes a nitrite reductase.®* It is possible
that a phage gene that is impacting gene expression of bacterial genes is only important in the context of
aerobic growth or could itself be regulated by oxygen availability. While the FRT is not anaerobic in
nature, it does have changing oxygen availability throughout the menstrual cycle and over time GC
biofilms will become anaerobic, which could explain why GC biofilms in static conditions have the same

biomass regardless of the presence of filamentous phage.”8 While NaNO: is the preferred electron
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acceptor of the ETC in anaerobic conditions, it is possible that simply supplementing the media with
NaNO:2 with shaking would not allow anaerobic gene expression to turn on / aerobic gene expression to
turn off due to the presence of oxygenation.®4% Further studies investigating the role of oxygen versus
shear stress on the FA1090Afil growth defect could help tease apart why FA1090Afil can grow in static
conditions. One possibility is growing GC in anaerobic conditions with shaking, to see if losing oxygen in
the media, but retaining shear stress, would allow FA1090Afil to grow. If FA1090Afil is able to grow in
those conditions, it would point to oxygen presence impacting gene expression. However, if FA1090Afil

cannot grow, it could point to phage proteins impacting membrane integrity of GC.

Biofilm production aids bacteria in combatting many stressors during infections including
protection from mechanical force, increased immune evasion, increased AMR of cationic antibiotics,
decreased water loss, and more.24806L71 Here | have shown that filamentous phage in GC promote
shorter and smoother biofilms (Figures 22-24). The same phenomenon was seen in P. aeruginosa, as
their filamentous phage promoted organization of the biofilm.6%61.71 Having tighter and smoother biofilms
can contribute to biofilm stability and protection, as filamentous phage in P. aeruginosa biofilms led to less
water loss and higher AMR levels than biofilms lacking their phage.8%61.71 Filamentous phage expression
goes up in anaerobic conditions.”8 GC biofilms develop into an anaerobic environment over time, which
could be why some of these effects are only seen after 24 hours of growth and perhaps why MDA®
production in N. meningitidis biofilms is only seen further into biofilm development.237° Because the data
showed that FA1090 WT biofilms are smoother and shorter while having the same amount of bacteria,
our hypothesis was that filamentous phage are promoting GC-GC interactions, which would lead to larger
bacterial aggregates. However, GC filamentous phage were shown to have inhibited aggregation,
opposite to what | first hypothesized the mechanism of shorter and smoother biofilms might be (Figures
25 and 26). It is possible that flamentous phage are actively inhibiting aggregation by pushing against
their neighboring bacteria as they are extruded through the membrane, leading to disassociation of
bacterial aggregates regardless of the presence of pilin. Piliated GC had nearly a two-fold increase in
aggregate size in the FA1090Afil mutant, highlighting the large impact of filamentous phage on
aggregation. In P. aeruginosa, they saw that their smoother biofilms were due to phage, not causing

stronger bacterial aggregation, but filamentous phage organizing the extracellular matrix of the biofilm via
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depletion forces.6961.71  Not only were their filamentous phage impacting biofilm organization, but they
could be seen to form organized patterns in solutions with no bacteria present, suggesting filamentous
phage can impact the structure of a biofilm in the extracellular matrix, independent of their interactions
with bacteria.6%-61.71 As these filamentous phage have a highly similar structure to the phage found in GC,
it is possible that the change in biofilm structure is due to these same depletion forces. If phage in the
extracellular matrix is causing changes to the biofilm rather than changing some property in the bacteria,
adding exogenous purified filamentous phage to FA1090Afil biofilms should result in FA1090Afil biofilms
returning to WT structures. Studies done in N. meningitidis showed that the presence of their homologous
filamentous phage produces much larger biofilms, however their experiments were done under flow
conditions.2357 |t is possible that these phage induced smoother biofilms are more resistant to the addition
of shear forces on the biofilm, resulting in smaller biofilms in strains without filamentous phage due to
bacterial loss in the current of the flowing media. As seen in Figure 19, FA1090Afil has a severe growth
defect when in shaking conditions at 37°C. It is possible that N. meningitidis strains lacking MDA® have
the same defect, as these are highly related species and phage, which may explain why bacteria grow
less in biofilms under flow conditions at this temperature. The impact of filamentous phage induced
smoother and shorter biofilms to the persistence of GC infection is still unknown. Doing various studies on
the fitness of the biofilms by measuring AMR, water loss, and shear stress resistance levels in FA1090Afil

and FA1090 WT will show the impact of filamentous phage on the GC biofilm.

So far in this section, | have discussed how each of the results obtained in this study could be
explained on a molecular level. However, it is important to understand how all of this comes together to
truly understand the role of filamentous phage during GC infection. When GC enters the FRT, it must first
adhere to the host’s cells.>1314 Once GC has successfully attached to the host, it can begin colonizing the
ECC.51314 Based on the above research, it is at this early step in GC infection that we can see the impact
of filamentous phage on this process, as | have demonstrated that filamentous phage are required for
growth at the conditions found within the FRT (aerobic and 37°C) (Figure 19). After initial colonization of
the ECC, GC can eventually create a biofilm.22 Previous research has shown that filamentous
bacteriophage proteins are upregulated in both anaerobic environments, such as in GC biofilms, and

during female infections.”®80.93 This leads to filamentous bacteriophage expression rising as biofilms are
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produced, which creates shorter and smoother biofilms along the ECC during asymptomatic infections as
shown in figures 22-24. In N. meningitidis filamentous phage research, Neisseria biofilms containing
filamentous phage have pilin surface expression in bacteria closest to the host cells, while the outside of
the biofilm contains filamentous phage surface expression.2357.64 As biofilms develop and filamentous
phage expression rises, it is possible that the filamentous phage-producing GC are on the outside of the
biofilm as in N. meningitidis. If this is the case in GC biofilms, this could impact how GC are eventually
able to leave the biofilm. For GC to disseminate to other locations in the body and transmigrate across
the TZ and ENC, the bacteria must be able to leave the biofilm.7812.22.97.98 My research in figures 25 and
26 shows that filamentous phage are inhibiting bacterial aggregation. It is possible that this inhibition
allows filamentous phage producing GC on the outside of the biofilm to push away from their bacterial
neighbors in order to leave the biofilm. Once these filamentous phage-producing GC leave the biofilm and
migrate to the ENC, these GC can expose the host epithelium to their ORF9 surface proteins to disrupt
the integrity of the epithelium as shown in figure 5, which could lead to symptomatic disseminated

gonococcal infections.

Taken en toto, this chapter highlights the active role that filamentous phage play in gonococcal
biology and pathogenicity. While this chapter only looks at a handful of processes, filamentous phage may
play a role in countless bacterial processes in GC that have yet to be studied. This discussion
hypothesizes how the four filamentous phage gene regions PHI6-9 can impact GC on both a molecular
level and during GC infection based on the results of this chapter and previously published research.
However, further studies are needed to elucidate the mechanism of these impacts and whether these
impacts are also occurring in the context of in vivo infections. Filamentous phage are an important topic to
study within GC as they are ubiquitous in GC strains and share high levels of homology between strains,
and therefore offer the potential for drug targeting as a means of treating or preventing gonococcal
infection. Effectively treating and preventing GC infection via means other than antibiotic based methods
is extremely important during a rapidly increasing rate of AMR in GC strains, as no current preventative
vaccine to GC exists.19 Previous research has shown the potential of filamentous phage as a GC
treatment/prevention method, as when rabbits were fed purified GC filamentous phage, bactericidal

antibodies to GC proteins developed in the rabbits.5> This is due to bacterial surface proteins sticking to
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the outside of the filamentous phage as they are extrude through the surface of the bacteria.*”:5 If this
could be further developed in humans as a means of targeting GC infection in the body, it could
revolutionize GC front line treatment. Understanding the mechanism that filamentous phage play in GC
biology and pathogenicity is crucial in order to further develop the potential for filamentous phage to be a

target of GC prevention and treatment.

68



Chapter 4: General discussion and future work

4.1 General summary

This thesis aimed to address two primary questions: the role of genome reorganization and the
influence of filamentous bacteriophage on gonococcal biology. To explore the first question, this study
examined various strains to understand how genome reorganization occurs and its impact on gene
expression. Our findings indicated that, based on a review of all complete GC genomes in the NCBI
database up to this point, each strain exhibited a distinct genome organization, including both inversions
and translocations. | also observed a consistent pattern of DNA sequence homology flanking these
rearrangements, suggesting that homologous recombination drives this genomic reorganization. PCR
analysis of inversion events indicated that these large-scale changes are both stable and infrequent.
Growth curve analyses revealed significant variability in growth rates. Additionally, proteomic analysis
suggested that changes in replication termination locations due to genome reorganization led to the
upregulation of various proteins, including those associated with energy metabolism and antimicrobial
resistance (AMR). Overall, this study implies that homologous recombination-driven genome
reorganization significantly influences gonococcal biology and pathogenicity. While it is still unclear
whether altering AMR-associated gene location or changing overall genome structure can directly cause
higher levels of AMR, this study clearly illustrates the necessity of examining phenotypic changes arising
from factors beyond simple allelic differences. With the rising threat of AMR within GC strains today, this
study demonstrates the need to keep the strains studied in research updated and relevant to the state of

GC actively being spread in the world.

To address the second question, | investigated how filamentous phage in GC can impact
gonococcal biology. Previous unpublished research in the Stein Lab demonstrates that filamentous phage
derived proteins are capable of deteriorating the integrity of epithelial cells in cell cultures and cervical
tissue explants (Figure 5). However, this is the first study demonstrating the impact of endogenous
filamentous phage on GC biology. | found that FA1090Afil grew poorly at 37°C in both broth and on agar,
as compared to FA1090. However, there was no difference when the strains were grown at 34°C or when
grown without shaking, demonstrating the condition dependent nature of this growth advantage. When

these strains were analyzed for their ability to produce biofilms, no differences were seen in the overall
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biofilm’s biomass, yet the overall structure of the biofilms were different, with FA1090Afil producing taller
and rougher biofilms. FA1090Afil formed larger bacterial aggregates than FA1090 WT. Taken en toto, this

chapter highlights the active role that filamentous phage play in gonococcal biology.

Both of these chapters highlight the importance of non-allelic differences in bacterial genes
driving changes in gonococcal biology and pathogenicity. Both alterations in bacterial genome
organization and contributions from bacteriophage genomes can affect gonococcal biology independently
of changes in bacterial gene sequences. With the rapid rise in AMR rates, these studies are essential for
identifying new strategies to combat AMR in GC. It is critical to explore treatment and prevention methods
for GC infections that do not rely solely on antibiotics, especially given the alarming increase in AMR
among GC strains. Previous research has shown the potential of filamentous phage as a GC
treatment/prevention method.%® Both chapters above are key to unlocking new roads to combatting AMR
levels in GC through research looking at these new aspects of GC increasing its pathogenicity, both

through genomic reorganization and filamentous phage expression.

4.2 Working Model

Complications during GC infection occur when GC is able to switch from a localized
asymptomatic infection on the ECC to a symptomatic infection due to transmigration of GC in the TZ and
ENC. However, how GC switches from an asymptomatic and localized infection to a symptomatic and
invasive infection is still not completely understood. This working model aims to hypothesize how chapter
three may fit into this puzzle (Figure 27). Chapter three highlights changes in growth, aggregation, and
biofilm development of GC due to the presence of flamentous bacteriophage gene regions in its genome.
Based on the research conducted in chapter three and previous research in a variety of bacterial species,
the following working model has been hypothesized. GC adheres to and begins to colonize to the ECC
inside of the FRT. In N. meningitidis filamentous phage research, Neisseria biofilms containing
filamentous phage have pilin surface expression in bacteria closest to the host cells, while the outside of
the biofilm contains filamentous phage protein surface expression.2357.64 My data shows that filamentous

bacteriophage aid in producing shorter and smoother biofilms. This phenomenon seen in other species
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Figure 27. Hypothesized model of filamentous phage’s role in GC infection progression. Our data
suggests that filamentous phage promote smoother and shorter biofilms, which could increase fitness of
the biofilm against environmental stressors. Our data also suggests that filamentous phage inhibits
aggregation. Previous research using N. meningitidis suggests that only bacteria on the outer portion of
the biofilm are actively producing filamentous phage.?® If these phage producing bacteria escape the
biofilm due to their inhibited bacterial aggregation abilities and make it to the ENC, they would then be
expressing ORF9 at the ENC, which has been shown to increase cell death and junctional disassembly,
and therefore promote bacterial transmigration into deeper tissue. Overall, the data of this chapter along
with previous research suggests that filamentous phage have a profound impact on GC biology and could
therefore impact pathogenicity of GC in vivo.
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led to higher AMR and less water loss due to the organization of the biofilm by filamentous phage, which
can lead to higher bacterial persistance.9-62 However, my data also shows that GC containing filamentous
phage aggregate worse. It is possible that filamentous phage are helping to produce stronger biofilms on
host cells, but the GC actively producing phage on the outside of the biofilm struggle hold onto
neighboring GC cells due to lower aggregation abilities. It is possible that these phage-producing bacteria
are the bacteria that are migrating from the ECC to the ENC. Previous research has also demonstrated
that GC filamentous phage derived protein, ORF9, can compromise the integrity of host cell structure.
ORF9 is a surface protein required for the extrusion of filamentous phage out of GC cells. The GC that
have now escaped the biofilm and moved to the ENC are actively producing phage and therefore have
ORF9 on its surface. This model could demonstrate the possibility that lowering the GC’s ability to
aggregate, and therefore gain the ability to leave the biofilm due to phage production, is also the key for
the GC to lower the integrity of host cell structures in order to transmigrate and cause invasive
gonococcal infections.
4.3 Future Directions
4.3.1 Future directions of genome reorganization study

While the data from this chapter shows that a strain with growth defects and a shifted replication
termination sequence also has changes in gene expression of key bacterial fithess genes, this study is
limited to showing that these changes are associated with genome structure, rather than showing
changing genome structure causes changes in phenotypes. In order to demonstrate that changes in
overall genome structure can impact gene expression and therefore bacterial fithess, future experiments
should involve moving the terminal sequence to different locations within the genome in one strain to
directly show that changing the replication termination sequence location can cause changes in

phenotype without directly mutating genes.

This study highlights that many types of proteins are upregulated in WHO L, such as AMR,
replication, translation, and energy metabolism proteins. However, this upregulation is hypothesized to be
do to increases in gene dosage due to high levels of replication coupled with slow growth. Future studies
could attempt to see if gene dosage is directly causing this higher protein expression. This could be done

by transforming plasmids containing multiple copies of a gene under the same promoter found in the
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bacterial chromosome into GC and measuring gene expression. This would also show if increasing
protein expression via higher gene dosage can directly change phenotypes in GC in important processes

such as AMR capabilities.

The expected replication termination sequence in WHO L is located about a quarter of the way
through its genome (Table 2). However, this strain may be using a non-canonical termination sequence,
which could explain the growth defect observed in WHO L (Figure 13). To determine if this is the case,
analyzing the peak-to-trough ratios from individual whole genome sequencing reads could reveal the
actual starting and termination points of replication in WHO L. When examining WHO L for the canonical
origin and terminus of replication, only one of each was found in the genome. Peak-to-trough analysis
could help identify alternative termination sites without requiring prior knowledge of their possible

sequences.

4.3.2 Future directions of filamentous bacteriophage study

This study demonstrated the requirement for filamentous bacteriophage during growth of GC at
37°C with shaking. This study also showed that the presence of filamentous bacteriophage genes
changed the structure of biofilms and aggregation abilities of GC in vitro. While the ability to grow at body
temperature and produce biofilms in the context of infection is crucial, they are important in localized and
asymptomatic ECC infections.”-9.97:98.100 FEjlamentous bacteriophage have been implicated a variety of
species as a key driver of invasive bacterial infection via disassembly of epithelial cell junctions. While our
lab has demonstrated gonococcal derived filamentous phage protein ORF9 can break down epithelial cell
junction integrity and induce cell death, it has yet to be seen whether this phenomenon is present in the
context of GC infection rather than purified protein. Future studies should focus on whether infecting
epithelial cell cultures and/or cervical explants show infection induced cell death and junction disassembly
when infected with GC with and without filamentous phage. If GC containing filamentous phage show
higher rates of induced cell death and junction disassembly, this could implicate filamentous phage as a
driver for invasive disease and shed some light on a mechanism for GC transmigration into deeper tissue

and therefore symptomatic GC infection.
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This study shows that all four filamentous bacteriophage are not required for rescue of growth at
37°C with shaking. While | see a dosage effect of needing at least two filamentous phage gene regions in
order to reach wild type levels of growth, we still do not know why these genes are required for growth.
Doing a growth study with only specific phage genes or combinations of these genes, rather than whole
phage gene regions, could help to elucidate the mechanism of filamentous phage aided gonococcal
growth if a phage gene is directly impacting this process. Further investigations into the mechanism of the
condition dependent growth defect seen in the FA1090Afil mutant is also key to elucidating the role of
filamentous phage in GC biology. Doing gene expression analysis of FA1090 WT and FA1090Afil at
various temperatures could find genes impacted by the presence of flamentous phage in a temperature
dependent manner. Further studies investigating the role of oxygen availability versus shear stress on the
FA1090Afil growth defect could help tease apart why FA1090Afil can grow in static conditions. One
possibility is growing GC in anaerobic conditions with shaking, to see if losing oxygen in the media, but
retaining shear stress, would allow FA1090Afil to grow.

Biofilm analysis in this chapter focused on biofilm size and structure in the context of static
conditions. As | have shown, the FA1090Afil mutant cannot growth under conditions with high levels of
shear stress. Studies done in N. meningitidis showed that the presence of their homologous filamentous
phage produces much larger biofilms, however their experiments were done under flow conditions.2357
Inhibited growth under shear stress may explain why meningococcal filamentous phage studies showed
larger biofilms when they contain phage and our study showed equal biomass within the biofilm. Doing
these experiments under flow conditions may link together the differences seen between this study and
the meningococcal filamentous phage studies.

This same study done in N. meningitidis also showed a spatial distribution of pilin and phage
genes, with phage genes on the periphery of the biofilm and pilin expressed on the bacteria near host
cells.2364 To determine if a similar protein distribution exists in GC, a comparable study could measure
pilin and phage expression using either fluorescent antibody staining or bacterial-MERFISH, followed by
microscopy to analyze their spatial distribution within a biofilm. Bacterial-MERFISH would also allow

tracking of RNA positions for these proteins within individual cells. This experiment could be conducted
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under both static and flow conditions to examine how oxygen availability and shear stress impact this
distribution.

All the experiments analyzing biofilm production and aggregation in this thesis were conducted in
glass wells. However, the presence of human cell cultures between the bacteria and the glass slide might
alter the biofilm production or aggregation patterns observed. To investigate biofilms and bacterial
aggregation in a more physiologically relevant context, these experiments should be repeated in the

presence of human cell cultures.
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Appendices

Table 3. List of PCR primers for filamentous phage detection

Anneal | Elongat
Amplification Temp | iontime
Region Forward Primer Sequence? | Reverse Primer Sequence? (€9 (min)

WHO O small CAGGAATTGATTGGAGCAG | AAGATTTTGGGTTGAGGCA 52 15
inversion event® | TATTGAAT GTCAAACAGA '
O R o V" | CAGGAATTGATTGGAGCAG | TCGGTCAGTTGGAAAGCG | ¢, Ls
. . TATTGAAT AATAAATCCTG '
inversion event?
PHI6 whole CCCGTCGATGCCCGCGATT | CGATTCAGGCGGCGTTTTT
region® TCCGTTTGGCGCAATCTAT | CACCTTCCTGCAGGCGGG | 56 16

g CTACGAATATCTGG CGGCCATGTGGTT
PHI7 whole ACTTCTGATTTTTCAGACG | AGCCGTCGCGCAGGCAGT
region® ACTTTTGAAGATTGCCGCT | TGTTACGGTTACTAAAATCC | 56 16

9 ACCCAATGATCTG CGTCATTTCCTCA
PHI8 whole ACACGCAATCGCCGCTTTC | LACCTIOTTTELCAACES | 16
region® CGCCGACCAAACCTCT GAG
PHI9 whole GGAGAGCTACCGTGCGTG | CTATGACGACGACAGGGC
region® AAACCTGCTTTTTCTGCAA | GTTTCTTGACCATTTCCGG | 56 16

9 GT TTCTTCA
ORF9? TGGAATTGGAAGACGGCA TGTTCCTTGATTTGAATAGC 54 1.95

CGGAG ATGTGCAATC )

a Q5® High-Fidelity DNA Polymerase used for PCR with these primers

b LongAmp® Tag DNA Polymerase used for PCR with these primers

¢ All primer sequences are written in a 5'>3’ orientation
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Table 4. List of PCR primers for filamentous phage creation

Phage | Upstream or | Facing phage region or | Restriction :
. . Primer Sequence

Region | Downstream bacterial genome Enzyme

PHI6 Upstream Facing phage region BamHI CACTGGATCCTAAAATCCGCTATT
CGTCCGC

PHI6 Upstream Facing bacterial genome | Hindlll CACTAAGCTTGGGATTACCCTTAT
ATGCGGATATTTG

PHI6 Downstream | Facing phage region BamHI CACTGGATCCAATAAATTAAACAA
CGGGTGCACG

PHI6 Downstream | Facing bacterial genome | Hindlll CACTAAGCTTGGCAACAGGAATT
TATCGTAAATG

PHI7 Upstream Facing phage region BamHI CACTGGATCCATGCCGTCTGAAA
CGGCAC

PHI7 Upstream Facing bacterial genome | Pstl CACTCTGCAGATCCCGAAAGGAA
AAAAGGCA

PHI7 Downstream | Facing phage region BamHI CACTGGATCCTTTCATACGGTTTC
AGACGGC

PHI7 Downstream | Facing bacterial genome | Pstl CACTCTGCAGCGAACAAATCAAA
CGAAAGTCCAT

PHI8 Upstream Facing phage region Pstl CACTCTGCAGCAATCTTTCAGAC
GGCACGAC

PHI8 Upstream Facing bacterial genome | Sacl CACTGAGCTCATCCCGAAAGGAA
AAAAGGCAT

PHI8 Downstream | Facing phage region Pstl CACTCTGCAGTCCGCCAAGATGG
AGGAAAT

PHI8 Downstream | Facing bacterial genome | Sacl CACTGAGCTCTGCGTATTTGTCAT
ACATCTT

PHI9 Upstream Facing phage region BamHI CACTGGATCCAAGCCGTTGGAGA
AAGGGTTTAATG

PHI9 Upstream Facing bacterial genome | Xhol CACTCTCGAGATCCCGAAAGGAA
AAAAGGCAT

PHI9 Downstream | Facing phage region BamHI CACTGGATCCCCTGCAGTCGTTA
TACATACCG

PHI9 Downstream | Facing bacterial genome | Xhol CACTCTCGAGATGCCGTCTGAAA
ATTCAACAAAATTAAACGGTTGCG
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Table 5. Strain names and corresponding accession numbers.

Strain Name Accession Numbers
32867 NZ_CP016015.1
34530 NZ_CP016016.1
34769 NZ_CP016017.1
35/02 NZ_CP012028.1
AUSMDUO00010541 NZ_CP045832.1
CP002440 CP002440.1
FA19 NZ_CP012026.1
FA1090 NC_002946.2
FA6140 NZ_CP012027.1
FC460 NZ_AP018381.1
FDAARGOS204 NZ_CP020415.2
FDAARGOS205 NZ_CP020418.2
FDAARGOS207 NZ_CP020419.2
FQO1 NZ_CP034032.1
FQO02 NZ_CP034030.1
FQ35 NZ_CP034024.1
FQ48 NZ_CP034020.1
FQ82 NZ_CP034016.1
MS11 NC_022240.1
NCCP11945 NC_011035.1
NCTC13484 NZ_LR134358.1
NCTC13799 NZ_LT906437.1
NCTC13800 NZ_LT906472.1
NG196 NZ_CP043871.1
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NG251 NZ_CP043816.1
NG290 NZ_CP043812.1
NG - k51.05 NZ_CP003974.1
NJ189125 NZ_CP041586.1
NJ1711654 NZ_CP041585.1
RIVMO0610 NZ_CP019466.1
RIVMO0640 NZ_CP019467.1
TFG-A2 NZ_CP032398.2
TFG-B2 NZ_CP032429.2
WHO F NZ_LT591897.1
WHO G NZ_LT591898.1
WHO K NZ_LT591908.1
WHO L NZ_LT591901.1
WHO M NZ_LT591904.1
WHO N NZ_LT591910.1
WHO O NZ_LT592146.1
WHO P NZ_LT592157.1
WHO U NZ_LT592159.1
WHO V NZ_LT592150.1
WHO W NZ_LT592163.1
WHO X NZ_LT592155.1
WHO Y NZ_LT592161.1
WHO Z NZ_LT592153.1
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Supplemental Figure 1. Mauve Alignment of all GC strains analyzed. Mauve alignment of various
strains of N. gonorrhoeae. Each color block represents homologous sequence between strains. Thin
vertical/diagonal lines show movement of homologous color blocks of vertically adjacent genomes. All
strains begin at the origin of replication on the ends of the linear DNA. This includes all strains from figure

7.
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Sequences of FA1090 WT and FA1090Afil analyzed in Figure 18 can be found in the following FASTA file:
https://drive.google.com/file/d/AINTelTrHd6614ZLUMwWEF-P- YsgRt3hzMN/view?usp=drive link
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