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ABSTRACT

Cystic fibrosis (CF) is characterized by impaired mucociliary clearance,
leading to mucus accumulation and chronic bacterial respiratory infections.
Pseudomonas aeruginosa (PA) is a canonical pathogen in these infections
and is found to nutritionally benefit from cross-feeding interactions with co-
colonizing mucin-degrading bacterial genera. However, the impact of these
cross-feeding interactions on the regulation of PA virulence remains unclear.
Implementing a reductionist experimental approach, this thesis aims to
investigate the proposed cross-feeding model to identify key exchanged

metabolites and elucidate mechanisms underlying PA virulence.

To successfully isolate and analyze variables of the multifaceted cross-
feeding model, several specialized experimental tools and techniques were
developed and described in Chapter 2. These tools were employed in
Chapter 3 to fully characterize the growth profiles of several individual
representative mucin-degrading bacterial species and investigate the effects
of their secondary metabolites on PA physiology. Chapter 4 builds upon this
by characterizing complex mucin-degrading bacterial communities enriched
from clinical CF sputum samples, and again investigating their effects on PA
physiology in vitro. These data establish validated methods for the field of
CF research, expand our understanding of PA physiology, and pave the path

for future development of novel targeted CF therapeutic strategies.
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CHAPTER 1: Introduction




Cystic Fibrosis

Cystic fibrosis (CF), first described in 1938 (Navarro, 2016), is a multisystem
autosomal recessive genetic disease that affects over 30,000 people in the United
States and approximately 100,000 people worldwide (Shteinberg et al., 2021). 1 in
2,500 Caucasian newborns are diagnosed with the disease before the age of two
(Scotet et al., 2012), ultimately contributing to an estimated annual average of over
$467,130,000 dollars spent on direct CF healthcare expenditures in the United
States alone (Gool et al., 2013). While advancements in treatment of this disease
have drastically increased mean life expectancy of patients in the United States to
the age of 56 compared to 38 just a decade ago (Cystic Fibrosis Foundation,
2022), research continues in an effort to increase patient quality of life and

conclusively remedy the condition (Rowe et al., 2023).

CF etiology is a result of mutations in the CF transmembrane conductance
regulator (CFTR) gene, encoding the CFTR protein that functions as anion-
selective channel in epithelial cells (D’Amore et al., 2022). These channels
transport chloride and bicarbonate ions across epithelial membranes and are vital
in maintaining ionic homeostasis in environments such as the respiratory,
pancreatic, intestinal, and reproductive epithelial tissues (Hanssens et al., 2021).
There are five recognized classes of CFTR gene mutations (class | — class V), the
most common being a class |l mutation known as the F508A mutation which
results from a single amino acid deletion and perturbs appropriate localization of

the CFTR protein (Marson et al., 2016; Alfonso-Sanchez et al., 2010). Other



mutation classes involve premature translational termination, improper trafficking,
misfolding, and altered gating. Regardless of mutation classification, deleterious
mutations to the CFTR gene invariably lead to the loss of presence or function of
CFTRion channels in relevant tissues (Marson et al., 2016; Rowntree et al., 2003).
As a result, CF is associated with a range of body-wide comorbidities that
significantly impact quality of life. Effects on pancreatic function can lead to CF-
related diabetes (Marshall et al., 2005). Effects on the liver can lead to CF-related
liver disease (Scott-Jupp et al., 1991). Effects on the gastrointestinal tract can not
only lead to chronic constipation and gastroesophageal reflux, but also malnutrition
as a result of severely decreased nutrient absorption by intestinal epithelia
(Pencharz et al., 2000). A variety of factors contribute to infertility in both male and
female CF patients (Lyon et al., 2002). Additionally, chronic rhinosinusitis and lung

inflammation are hallmarks of those with the condition (Chaaban et al., 2013).

While CF is a multisystem disease, the root of patient morbidity and mortality
primarily lies in chronic airway complications. Loss of chloride ion transport across
the airway epithelium leads to the dehydration and thickening of mucus. Mucus is
a secreted gel matrix that coats epithelial cell surfaces in the airways, contributing
to airway homeostasis (Tildy et al., 2015). In healthy human respiratory systems,
this thin and fluid mucus layer is in perpetual motion via the coordinated beating of
epithelial cilia. In the CF airways, this mucus layer is abnormally viscous and
impairs ciliary beat, impeding mucociliary clearance — a physiological defensive

mechanism responsible for the expulsion of foreign bodies and excess mucus from



the lungs (Robinson et al., 2002). Without this mechanism, the accretion of a thick
and viscous mucus layer not only physically obstructs airflow, but also leads to the
establishment of non-transient complex microbial communities and chronic
bacterial infections punctuated by periods of decreased lung function known as
pulmonary exacerbations (Carmody et al., 2015). Repeated pulmonary
exacerbations cause excessive fibrosis of lung tissue and an overall decrease in
lung function as measured by forced expiratory volume in one second (FEV1) — a
measure of the volume of air an individual can forcibly expel from their lungs in
one second (Taylor-Robinson et al., 2012; Sanders et al., 2010). While FEV1
values often recover to baseline following successful treatment of an exacerbation,
values tend to trend downward over the course of a patient’s life and ultimately

contribute to pulmonary failure (Taylor-Robinson et al., 2012).

While bacterial infection is most commonly attributed to the onset of pulmonary
exacerbations, viral infections, environmental pollutants, stress, and malnutrition
can also lead to airway inflammation and contribute to the condition (Bhatt. 2013;
Goss et al.,, 2003). Regardless, the first line of treatment for CF pulmonary
exacerbations is the use of oral, inhaled, and/or intravenous antibiotics. Young
patients are more likely to respond to treatment with first line B-lactam class
antibiotics (i.e., penicillin, cephalosporin, carbapenem) that target peptidoglycan
synthesis in the cellular envelope of common CF airway pathogens such as
Staphylococcus aureus and Pseudomonas aeruginosa (Hahn et al., 2021).

However, as a patient ages and is exposed to repeated rounds of antibiotic



treatment, the incidence of multi-drug resistant infections increases (Glen et al.,
2021). This results in treatment plans becoming less targeted and often requiring
the administration of multi-class antibiotic cocktails (Conway et al., 2012). There is
growing evidence that antibiotic susceptibility testing in clinical laboratories offers
little utility in accurately predicting patient response to an antibiotic regimen (Smith
et al., 2003; Hurley et al., 2012; Waters et al., 2019). As a result, clinicians may
work with patients to identify which combination of drugs works best for the

individual (Flynn et al., 2020; Zemanick et al., 2020).

Outside of periods of pulmonary exacerbation, CF patients follow a multifaceted
treatment plan to relieve symptoms, prevent complications, and increase quality of
life. Daily antibiotics (i.e., azithromycin) aid in the reduction of airway infection
occurrence and severity (McCormack et al., 2007). Bronchodilators (i.e., albuterol)
and mucolytic agents (i.e., dornase alfa) are also regularly used and work to widen
airways and thin mucus, respectively (Konig et al., 1995; Konstan et al., 2012).
Periodic use of high-frequency chest wall oscillation via a specialized vest unit,
works synergistically with prescribed medications by mechanically loosening
airway mucus through intense vibration, ultimately helping some patients breathe
and expectorate sputum more easily (Morrison et al., 2020). In severe cases or in
late-stage lung disease, single or bilateral lung transplants are often a last resort
when patient lung damage causes pulmonary function to fall below viable levels

(Grossman et al., 1990; Force et al., 2011).



Next generation precision combination medicines such as Trikafta (ivacaftor,
tezacaftor, and elexacaftor) have led to monumental improvements in CF patient
airway health by correcting the root cause of malfunctioning CFTR proteins rather
than treating subsequent symptoms (Bear, 2019). Tezacaftor and elexacaftor are
classified as CFTR correctors which bind to CFTR proteins and facilitate their
transport to epithelial cell membranes, where they can function properly. This
benefits those with class Il CFTR processing mutations, such as the common F508
deletion (Bear. 2019; Zaher et al.,, 2021). Ivacaftor is classified as a CFTR
potentiator, which binds to membrane bound CFTR proteins and facilitates
increased translocation of chloride ions across the channel protein. This benefits
those with class Ill CFTR gating mutations such as G551D substitutions (Zaher et
al., 2021). Together, these medications synergistically function to greatly improve
CFTR channel protein localization and function, consequently improving airway
homeostasis and reducing patient morbidities (Zaher et al., 2021; Liessi et al.,
2020). Despite this recent advancement, Trikafta is not an effective treatment
option for all CF patients. Those with CFTR mutations outside of the classes Il and
[lI, may produce faulty CFTR proteins (class IV), not enough CFTR proteins (class
V), or no CFTR proteins at all (class |) — rendering the medications ineffective
(Bear. 2019). Accordingly, chronic mucus accretion and bacterial infections of

the airways remain a burden on the CF population.



Mucins

The mucus of the respiratory system, as well as other human tissues, is primarily
composed of mucins; high molecular weight glycoproteins consisting of a
polypeptide (protein) backbone structure that is heavily decorated with N- and O-
linked glycans (carbohydrate). While the general structure of mucins can vary
based on type, they generally range from 10 to 300nm in size and between 200
kDA to 200 MDa in molecular weight (Kesimer et al., 2011). The large masses are
primarily due to the glycan components which comprise up to ~90% of total content
by weight (Rose et al., 2006). The dense heavily glycosylated regions are
hydrophilic, contributing to the high water-binding capacity and steric shielding of
the polypeptide backbone from proteolysis (Hansson. 2019). The polypeptide
backbone plays a role in polymerization of mucin monomers, conferring unique
gel-forming properties that are central to the biological functions of mucin

(Demouveaux et al., 2018).

The molecular structure of mucins consists of a large central PTS (proline,
threonine, serine) domain that is rich in proline, threonine, and serine tandem
repeats. This domain is flanked by cystine rich regions that promote polymerization
of mucin molecules though the formation of disulfide bonds. The PTS domain is
heavily glycosylated with O-linked glycans attaching directly to the hydroxyl groups
of threonine and serine residues (Brockhausen et al., 2009). The proximal sugar
residue of each O-linked glycan is one of four core structure patterns composed of

a combination of five monosaccharides (galactose, N-acetylglucosamine, N-



acetylgalactosamine, fucose, and sialic acid) (Bansil et al., 2006). These cores are
variably modified or terminated by a fucose, sialic acid, or blood group epitope
(Varki et al., 2022). The result is an immense and complex biomolecule rich in
glycan diversity and presenting in a characteristic “bottle-brush” structure (Figure

1.1).

This “bottle-brush” structure confers many biological benefits; however, it can also
impede the analysis of mucin glycoproteins through traditional methods such as
protein gel separation. The glycosylation of mucin core proteins precludes their
proteomic analysis via conventional 1D or 2D polyacrylamide gel-based
approaches (Kesimer et al., 2016). Similarly, glycomic analysis presents
challenges. Chromatography-based approaches to analyze mucins or mucin-
containing samples are complicated as the large glycoproteins are prone to
clogging or damaging sensitive analytical chromatography columns (Jaggi et al.,
1987). Despite this, the development of improved mucin characterization methods

continues to push the field of glycobiology forward.

Mucins are highly conserved and are primarily produced by goblet cells of non-
keratinized epithelia in most animals — including mammals, birds, reptiles, fish, and
invertebrates. Irrespective of organism, mucins effectuate the same general key
biological roles — hydration and lubrication of mucosal surfaces and immune
function (Lagow et al., 1999; Bar-Shira et al., 2014; Madrid et al., 1989; Perez-

Sanchez et al., 2013; McDermott et al., 2021). In humans, mucins coat epithelial



tissues in the respiratory, gastrointestinal, reproductive, urinary, and ocular
systems (Audie et al., 1993). This layer prevents desiccation of tissue surfaces
while also acting as a potent lubricant for vital functions such as intestinal
peristalsis (Herath et al., 2020) or ciliary beat within the lungs (Bustamante-Marin
et al., 2017). This lubrication also lends itself to roles in immune function, as it is
required for the previously described debridement of foreign bodies and infectious
agents via the process of mucociliary clearance in healthy human airways

(Bustamante-Marin et al., 2017; Munkholm et al., 2013).

The mucus layer acts as a component of the innate immune system most notably
by acting as a physical barrier to host cells preventing adhesion and invasion by
infectious agents. While mucin glycan chains physically occlude microbes from
accessing epithelial surfaces, the chains also act as a scaffold for the inclusion of
host antibodies and antimicrobial molecules throughout the mucus layer (Sheng et
al., 2022). In some cases, mucins themselves have been found to directly bind
pathogens — restricting their proliferation (Tu et al., 2008). In the case of
Pseudomonas aeruginosa, the canonical CF airway pathogen, intact high
molecular weight intestinal mucins were found to impact the behavior of reference
strain PAO1 (Wheeler et al., 2019). In addition to inhibiting adhesion to culture and
cell surfaces, intact mucins and select mucin-glycans dispersed PAO1 biofilms and
downregulated transcription of key virulence genes responsible for quorum
sensing (lasR), siderophore biosynthesis (pvdA), and type-three secretion (pcrV).

No significant change in growth rate was observed following mucin-elicited effects,



suggesting mucins may modulate bacterial virulence via a growth-independent
signaling mechanism (Wheeler et al., 2019). Similar repression of virulence by
intact mucins has been observed in a range of other organisms (Wang et al., 2022),
including fungal opportunistic pathogens such as Candida albicans (Takagi et al.,

2022; Kavanaugh et al., 2014).

In regard to the host, recent findings indicate that mucins play an understated role
in signal transduction — signaling environmental changes to epithelial cell layers
via membrane bound mucin intracellular domains (Sheng et al., 2022,
Hollingsworth, 2006). Mucin signal transduction pathways influence host response
to tissue injury and infection (Sheng et al., 2022; Singh et al., 2006). As a result,
structural or chemical changes to the mucosal layer can lead to perturbed mucin
expression and contribute to cancers via increased cellular proliferation and

downregulated apoptosis (Sheng et al., 2022; Sheng et al., 2017).

Human MUC genes are responsible for the differential expression of mucin types.
While many putative MUC genes have been identified, fourteen have been
described and of those, eight have been well characterized (Ringel et al., 2003).
The MUC protein family consists of two primary classification types -
transmembrane mucins and secreted mucins (Figure 1.1). Heavily O-glycosylated
transmembrane mucins form a scaffolding known as the glycocalyx — the epithelial
cell proximal mucin layer that acts as the underlying base of a healthy stratified

mucus environment in which secreted mucins can bind and gel upon.
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Transmembrane mucins (MUC1, MUC4, MUC12, MUC13, MUC15, MUC16,
MUC17, MUC21) (Bafna et al., 2010) contain a membrane-spanning domain and
cytoplasmic tail that anchor them to cellular surfaces and allow them to form this
scaffolding (Bafna et al., 2010). Secreted mucins contribute to the fluid gel-like
layer covering the glycocalyx and are present in higher abundance in mucus
secretions compared to transmembrane mucins (Gipson et al., 2003). The
secreted mucin category is sub-categorized into gel-forming mucins (MUC2,
MUC5AC, MUC5B, MUC6, MUC19) and non-gel forming mucins (MUC7, MUCS,
MUC9, MUC20) (Zaretsky et al., 2018). The respiratory system is known to
express MUC1, MUC4, and MUC16 transmembrane mucins. However, MUC5AC
and MUCS5B are considered to be most abundant of these mucin species (Lillehoj

et al., 2013; Zanin et al. 2016).

Hypersecretion of airway mucus is a defining characteristic of CF. Accordingly, the
abundance of MUC5AC and MUCS5B are thought to be increased in CF airway
secretions. Immunohistochemical staining (Groneberg, et al., 2002) and
transcriptional analysis (Voynow, et al., 1998) support this claim, suggesting goblet
cell hyperplasia and significant transcriptional increases in MUC expression as
driving factors of hypersecretion. However, other studies employing Western blot
approaches convey conflicting findings, suggesting significant decreases in both
MUC5AC and MUCS5B in CF mucus — instead proposing CF mucus secretions
contain a higher abundance of non-mucin components such as DNA compared to

mucus in relatively healthy individuals (Henke, et al., 2006). While in vitro addition
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of DNA to mucus has been found to increase mucus viscosity (Picot, et al., 1978),
the recalcitrance of mucin to protein gel methods impedes its thorough analysis
and obfuscates definitive interpretation of results. Ultimately, it is agreed upon in
the literature that the abundance of MUC5AC and MUCSB in CF airway secretions
are variable between disease states (stable, exacerbation onset, exacerbation
resolution) (Kirkham, et al., 2002). Regardless of mucin species abundance - pH,
hydration, and salinity of the CF airway environment differs from that of healthy
airways and disrupt post-secretory unpacking and folding of secreted mucin
glycoproteins (Abdhllah et al., 2017). Disruptions to mucin maturation can impact
its structure and gelling properties, increasing its viscosity, and leading to its

accumulation in the airways.
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Figure 1.1 - Model of primary mucin type classifications. Membrane-bound mucins possess a
transmembrane domain that anchors them to the surface of epithelial cells and allows them to form
the scaffolding of the glycocalyx. Secreted mucins lack transmembrane domains, but often exhibit
gel-matrix forming properties that confer mucus its viscosity and water-binding properties. Both
classifications share similar molecular structuring, including a polypeptide backbone, glycan
chains, and PTS domains.
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Mucin-Degrading Bacteria

Mucin glycoproteins are carbon-rich macromolecules and contain most nutrients
necessary for supporting bacterial growth. The abundant and diverse glycan
chains offer sugars as a primary carbon source for saccharolytic bacterial species
to metabolize. The amino acid rich polypeptide backbone offers a carbon source
for asaccharolytic species and species with a nutritional preference for amino acids
(including the canonical CF pathogens, P. aeruginosa and S. aureus). Regions
rich in cystine, a sulfur-containing amino acid, regularly flank PTS domains and
provide an abundant source of sulfur (Gum et al., 1992; Ho et al., 2006). While
phosphorylated sugars such as glucose-6-phosphate are rare in mucin glycan
chains, in vivo mucin gel matrices (i.e., mucus) often contain free DNA and other
phosphate containing host molecules, as well as a variety of trace elements
(Rouillard et al., 2022). Hydrogen, nitrogen, and oxygen are all also readily found
throughout the molecular structure of mucins, readily usable as building blocks for

bacterial biomass.

Despite containing the components to function as a complete nutritional source for
bacteria, only a subset of microbial species has been found able to efficiently
sequester and catabolize nutritional resources from mucin glycoproteins to support
their growth (Flynn et al.,, 2016). While many bacterial species are known to
produce saccharolytic and proteolytic enzymes that could facilitate catabolism of
mucin components, few are able to do so successfully. This may be due, in part,

to the high density and meshing of glycans that decorate mucin core proteins,
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sterically and spatially impeding the function of bacterial saccharolytic enzymes.
Additionally, these same glycans may shield the polypeptide core of mucins from

degradation by bacterial proteases.

Of the bacterial species found to successfully degrade and utilize mucin to any
extent, all express saccharolytic enzymes belonging to the general enzyme
grouping known as glycosyl hydrolases (GH) (also known as glycosidases) that
cleave specific sites in glycan linkages (Amin et al., 2021). Efficient mucin
degradation is thought to occur in a stepwise fashion with the physically accessible
outer components of the glycoprotein being utilized first, with the consequent use
of the core polypeptide chain. Terminal sugar residues such as sialic acids or
fucose are first cleaved via GH33 family sialidases or GH29 / GH95 family
fucosidases, respectfully (Lionicanova et al.,, 2020). Exoglycosidase families
including N-acetyl-glucosaminidases (GH84), N-acetyl-galactosaminidases
(GH101), and galactosidases (GH2) are then able to sequentially cleave glycosidic
linkages of terminal monosaccharides in glycan polysaccharide chains. In some
instances, endoglycosidase families (GH16) cleave within a glycan chain rather
than at a terminal monosaccharide, releasing glycan oligosaccharides (Kobata,
2013). Upon sufficient glycan depletion, the polypeptide protein core is left
susceptible to cleavage by bacterial proteases such as elastase (Glover et al.,
2022). Few bacterial species harbor a complete arsenal of relevant enzymes
required to fully degrade and utilize a mucin glycoprotein monomer. Consequently,

mucin degradation is considered a bacterial community effort (Wickstrom et al.,
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2009; Flynn et al., 2016). Evaluation of salivary MUC5B mucin degradation via
SDS-PAGE found that supragingival dental plaque bacterial communities
cooperatively degrade mucin while individual community constituents were not

able (Wickstrom et al., 2009).

While the healthy human respiratory system does not host dense bacterial
communities like the gastrointestinal tract, impaired mucus clearance in the CF
airways leads to the accumulation of abundant, non-transient bacterial
communities. Cross-sectional and longitudinal studies on infants and children with
CF have found the lower airways to become stably colonized with polymicrobial
communities early in life (Muhlebach et al., 2018). Interestingly, these lower airway
communities often share a similar composition to that of well-defined oral microbial
communities, though at different cell densities (Meskini et al., 2021). This is in part
due to the repeated aspiration of microbe-containing oral secretions into the lower
airways, and failure of successful removal as a result of perturbed mucociliary
clearance (Muhlebach et al., 2018). Colonization of the lower airways by bacterial
communities is associated with increased inflammation and susceptibility to
subsequent infections by canonical airway pathogens (Muhlebach et al., 2018;
Huffnagle et al., 2016). Furthermore, these communities evolve over time, sharing
similar microbial signatures across patient groups suggesting microbial ecological

succession (Khanolkar et al., 2020).
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Despite persisting in mucin-rich environments, it is unlikely that all individual
bacterial species of these communities are adept at the degradation and
catabolism of mucin glycoproteins. To identify the fraction of species capable of
this catabolism, the fraction must be enriched for further analysis. This is
accomplished by inoculation and repeated passaging of human mucus samples
(i.e., saliva, sputum) in a minimal mucin medium containing only mucin as a sole
carbon source. 16S rRNA gene sequencing of both saliva and CF sputum enriched
anaerobically in this manner, identify four commonly cooccurring genera across
samples suggesting their involvement in the degradation of mucin — Streptococcus
spp., Prevotella spp., Veillonella spp., and Fusobacterium spp. (Flynn et al., 2016).

Further details about each genus are provided below.

Streptococcus is a saccharolytic genus of Gram-positive cocci that is facultatively
anaerobic (Patterson, 1996). S. parasanguinus and S. gordonii are two of most
commonly identified species in CF airway communities (Maeda et al., 2011) and
are contextually considered keystone species — colonizing the mucosal
environment early and providing structure for subsequent colonization by other
bacterial species (Nobbs et al., 2009). This is due, in part, to their metabolic
flexibility that allows them to not only tolerate variable environmental conditions,
but also produce extracellular polysaccharides that facilitate the adhesion
(Steinberg et al., 1999) and cross-feeding of co-colonizing microorganisms
(Schultz et al., 1979). According to the Carbohydrate-Active Enzymes (CAZY)

online database (Drula et al., 2022), these species harbor several glycosyl
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hydrolases suggesting they may contribute to the degradation of mucin by cleaving
glycan linkages. Cleaved glycans are likely used as a carbon source in
fermentation, not only leading to the production of endogenous ATP but also
exogenous mixed-acid fermentation byproducts. Carbon dioxide and hydrogen
gases are commonly produced in addition to a variety of organic acid byproducts
dependent on environmental conditions. Lactic acid (lactate) is a highly produced
organic acid, which can acidify the pH of its microenvironment, modifying growth
conditions in its favor, and limiting the growth of competing bacterial species
(Schultz et al., 1979; Vandenberg, 1993). Other organic acids such as acetic acid,
formic acid, succinic acid, and pyruvic acid are also produced by Streptococcus
spp. (Wang et al., 2021). In vitro monocultures of S. parasanguinus (data not
shown) and S. gordonii (Figure 3.3A) have been found to grow to high densities

in minimal media containing purified porcine gastric mucin as a sole carbon source.

Prevotella is an anaerobic genus of Gram-negative bacilli belonging to the phylum
Bacteroidetes (Tett et al., 2021). Similar to Streptococcus, this genus is commonly
found in bacterial communities belonging to mucosal environments of the human
body — the oral cavity, respiratory system, vagina, and gastrointestinal tract. In CF,
P. melaninogenica and P. oris are identified in the microbiomes of the oral cavity
and lower airways (Field et al., 2010). The CAZY database bolsters the
characterization of Prevotella as a saccharolytic genus, as it harbors many
enzymes from glycosyl hydrolase, transferase, esterase, and binding module

families (Drula et al.,, 2022). Mucin glycans degraded by these enzymes fuel
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anaerobic fermentative metabolism and lead to the production of common
fermentation gases as well as acetic acid, butyric acid, and propionic acid
(Betancur-Murilla et al., 2023). While monocultures of P. melaninogenica and P.
oris grow on minimal media containing purified porcine gastric mucin, its ability to
do so is not as robust as Streptococcus spp. under the same conditions (Figures

3.81-3.89).

Veillonella is a Gram-negative genus of obligate anaerobes often characterized
by its diminutive size (0.3um — 0.5um in diameter) (Rogosa et al., 1964). Veillonella
spp., particularly V. parvula, is similarly associated with human mucosal
environments (Zhan et al., 2022; Pustelny et al., 2014). Interestingly, unlike the
previous two genera, Veillonella is asaccharolytic (Rojas-Tapias et al., 2022), and
harbors significantly fewer sequences associated with glycan degradation. Rather,
it is known as a specialist in the fermentation of lactic acid into acetate and
propionate, and the reduction of nitrate (Ng et al., 1971). Consequently, in vitro
growth of V. parvula monocultures is not supported by minimal media containing
mucin as a sole carbon source. However, co-culturing in the same medium with a
lactic acid producing species such as S. gordonii results in proliferation of both
species - likely a result of Veillonella catabolism of Streptococcus spp derived

lactate into acetate.

Lastly, Fusobacterium is a Gram-negative genus of obligate anaerobes with a

unique cell morphology regularly referred to as elongated bacilli with pointed ends
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(Brennan et al., 2019). Just as the previous genera, F. nucleatum and F.
periodonticum are associated with human mucosal surfaces (Strauss et al., 2008).
While not as metabolically diverse as Streptococcus spp., Fusobacterium also
produce extracellular polysaccharide matrices which promote the formation of
polymicrobial biofilms, most notably in the oral cavity (Mohammed et al., 2013).
Unlike the previous genera, Fusobacterium is not only asaccharolytic, but highly
proteolytic (K.J. Flynn et al., 2016) — exhibiting a strong preference for the
degradation and utilization of polypeptides like that of the core polypeptide
backbone structure of mucins. The CAZY database supports this, listing few
sequences belonging to relevant mucin degradation enzyme families (Drula et al.,
2022). Amino acids cleaved from polypeptide chains are fermented by
Fusobacterium into secondary metabolites that include common fermentation
gases, acetic acid, butyric acid, propionic acid, and ammonia (Sakanaka et al.,
2022; Rudin et al., 2021). Monoculture in vitro growth of F. nucleatum and F.
peridonticum on minimal media containing mucin as a sole carbon source is
limited, suggesting either a marginal capacity for some glycan degradation or

limited access to the mucin polypeptide backbone.

While in vitro growth profiles of individual species on mucin as a sole carbon source
may vary, co-culturing of two or more has a synergistic effect drastically increasing
culture growth rate and final density (Figure 4.3)— alluding to the significant mucin
metabolism of complex bacterial communities in vivo. Observed synergistic effects

of co-culturing are likely a result of cross-feeding interactions between populations
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and supports the hypothesis that efficient mucin metabolism in a mucosal
environment is a microbial community effort. This observation offers explanation
for the frequent co-occurrence of the described four core commensal genera in CF
sputum. It also underscores their potential to impact the nutritional landscape of
the CF airways, and as a consequence, potentially impact CF associated

pathogens.

Pseudomonas aeruginosa

In addition to commensals, pathogens are also commonly identified in CF airway
communities and are key contributors to disease pathophysiology. Pseudomonas
aeruginosa (PA), Staphylococcus aureus, Haemophilus influenzae, Burkholderia
cepacia complex, Stenotrophomonas maltophila, Achromobacter xylosoxidans,
and non-tuberculosis mycobacteria are the primary pathogens associated with CF
lung infections and resulting pulmonary exacerbations (Wood et al., 2019). Cohort
studies have found S. aureus to be the most prevalent, colonizing 50% to 80% of
CF patients between the approximate ages of 2 to 25 years old. However, the
same studies documented a temporal change in pathogen prevalence that occurs
during the mid-to-late twenties of the CF patient lifespan in which S. aureus is no
longer dominant. Instead, its prevalence drops while the prevalence of PA
increases to upwards of 80% (Pittman et al., 2011). Airway colonization by PA,
happening later in a CF patient’s life, is associated with increased severity and
duration of pulmonary exacerbations and subsequent decreased lung function

over time (Pittman et al., 2011; Crull et al.,, 2018). Once colonization occurs,
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complete eradication of the PA population is unlikely, despite repeated rounds of
antibiotic treatments — an artifact of increased prevalence of PA antibiotic
resistance. Because of its burden it late-stage lung disease, association with
pulmonary exacerbations (PEx), and resistance to antimicrobials, PA is considered

responsible for the bulk of CF patient morbidity and mortality (Crull et al., 2018).

Pseudomonas aeruginosa is a Gram-negative bacillus with a preference for
aerobic respiration but can respire anaerobically provided that nitrate is readily
available as a terminal electron acceptor (Hernandez et al., 1991). The species is
encapsulated, motile, and metabolically versatile allowing it to successfully
colonize a range of environments such as soil, natural water sources, medical
equipment, humans, and even more limiting environments such as hot tubs (Yu et
al., 2007). While it is often implicated in human infections, it is considered an
opportunistic pathogen - primarily infecting immunocompromised individuals like
individuals with CF, HIV, and those with chronic wounds such as diabetic foot
ulcers. PA infections are notoriously aggressive and difficult to treat. This is due to
its vast arsenal of virulence factors and its intrinsic highly adaptive mechanisms of

antibiotic resistance.

PA is well known as a multidrug resistant opportunistic pathogen, in part due to
high genomic plasticity and ability to rapidly adapt and evolve in response to
changing conditions. This is often accomplished through its high capacity for the

integration of new genetic information via horizontal gene transfer (Freschi et al.,
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2018). While drug resistance profiles differ between clinical strains, PA exhibits
resistance to a wide range of antibiotic classes including penicillins,
cephalosporins, carbapenems, aminoglycosides, and fluoroquinolones (Pang et
al., 2019). PA employs a diverse set of mechanisms to drive these resistances.
Many strains express membrane-bound efflux pumps capable of removing
antibiotics such as beta-lactams, aminoglycosides, and fluoroquinolones from the
cytoplasm (Pang et al., 2019; Westbrock-Wadman et al., 1999). Some strains also
express beta-lactamases which degrade antibiotics such as penicillin and
cephalosporin (Pang et al., 2019; Nordmann et al., 1993). In other cases, PA may
modify antibiotic targets such as DNA topoisomerases directly, rendering
fluoroquinolones ineffective by impeding their binding (Bruchmann et al., 2013).
General, non-specific mechanisms such as the formation of robust biofilms
containing dense polysaccharide matrices not only confer a level of blanket
resistance to all antibiotics but also resistance to host immune cells by functioning
as a physical barrier (Taylor et al., 2014). Together, these mechanisms make PA
infections difficult to treat and solidify its status as a pathogen of enduring concern

in clinical settings.

In terms of virulence, PA is equipped with type | (T1SS), type Il (T2SS), type Il
(T3SS), and type VI (T6SS) secretion systems which facilitate the secretion of
toxins, proteases, lipases, and other virulence factors into the environment or
directly into the cytoplasm of competing bacterial or host cells (Bleves et al., 2010).

Among its arsenal of virulence factors, phenazines are particularly cytotoxic.
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Phenazines are a class of small redox-active molecules produced by PA and other
bacterial species that are responsible for a host of functions including metal
solubilization, biofilm stimulation, and host-cell toxicity (Briard et al., 2015; Wang
et al., 2011; McGuigan et al., 2014). Phenazines engage in “‘redox warfare”,
sequestering nutrients from host cells and generating reactive oxygen species
which lead to inflammation, progressive oxidative damage, and overall necrosis of
host epithelial tissue (McGuigan et al., 2014). Phenazine biosynthetic machinery
is encoded by two semi-redundant operons — phzA1-G1 (phz1) and phzA2-G2
(phz2) (Cui et al., 2016) (Figure 1.2A). These operons are highly regulated
through a complex regulatory network that is influenced by environmental
conditions as well as quorum sensing signals. In general, a quorum population
density must be met for the expression of phz71 and phz2 (Cui et al., 2016).
Additional conditions such as bioavailable iron levels may impact which of the two
phz operons is more highly expressed (Nelson et al., 2019). In any case, these
phz1 and phz2 are responsible for the conversion of intracellular chorismic acid
into phenazine-1-carboxylic acid (PCA). PCA may then be converted into
phenazine-1-carboxamide (PCN) via PhzH, Pyocyanin (PYO) via PhzM and PhzS,
or 1-hydroxyphenazine (1-HP) via PhzS (Mavrodi et al., 2001). Of these molecular
conversions, the conversion of the 5-methylphenazine-1-carboxylic acid betaine to
pyocyanin via PhzS is the only one to require the presence of oxygen (Mavrodi et
al., 2001) (Figure 1.2A). PCA, PCN, PYO, and 1-HP comprise the phenazines

produced by PA; however, PYO is typically produced in the highest concentrations
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and can be easily recognized by eye due to its characteristic blue-green

pigmentation (Figure 1.2).

It is hypothesized that these phenazines, as well as other virulence factors, play a
direct role in PA associated CF pulmonary exacerbations. As previously described,
exacerbation onset results in a sharp decrease in patient lung function that typically
rebounds after antibiotic therapy. In PA culture-positive patients, it is inferred that
exacerbation is the result of pathogen outgrowth, subsequently corrected with the
administration of an antibiotic treatment to reduce pathogen population density.
However, RT-gPCR with primers specific to PA has shown that this is not always
the case. Studies have shown that PA copies of the 16S rRNA gene are similar in
abundance prior to the onset of the exacerbation, during its peak, and after the
resolution of patient symptoms, suggesting an etiology other than changes in PA
abundance (Reid et al., 2013) (Figure 1.3). Rather, changes in airway
environmental factors (e.g., bioavailable nutrients, co-colonizing bacterial
virulence factors) may increase the expression of phenazines in stable populations
of PA, eliciting the onset of increased inflammation and subsequent pulmonary
exacerbation state. While antibiotic treatment often results in the resolution of
exacerbation symptoms, resolution without a detectable decrease in the bacterial
load of PA may suggest a non-PA targeted mechanism. As established, co-
colonizing bacterial communities are able to degrade mucin glycoproteins and
produce diverse profiles of secondary metabolites, modifying the nutritional

landscape of the airway environment. In a fashion similar to intestinal dysbiosis,
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imbalances in airway bacterial community composition may spur environmental
changes that elicit upregulated PA phenazine expression and subsequent
exacerbation onset. In the same vein, successful exacerbation resolution via
antibiotic therapy may be a result of impacting co-colonizing organisms or
correcting PA antagonistic community dysbiosis, rather than efficacy against PA
itself. Exact microbial community secondary metabolites that may contribute to this
proposed exchange remain unknown; however, identification may offer potential
novel targets for the prevention and resolution of exacerbations. Given the rapidly
growing antibiotic resistance of PA, the development of novel biomarkers and
therapeutic targets is critical. Better understanding of host and microbial factors
that modulate PA growth and virulence in vivo, is the first step in these

developments.
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Figure 1.2 - P. aeruginosa produces several phenazine species as virulence factors. A) The
biosynthetic pathway of phenazine expression in P. aeruginosa. Operons phz1 and phz2 drive the
conversion of chorismic acid into phenazine-1-caroxylic acid (PCA), phenazine-1-carboxamide
(PCN), 1-hydroxyphenazine (1HP), and pyocyanin (PYQO) (Mavrodi et al., 2001). B) Representative
photo of P. aeruginosa (PA14) grown in rich media. Pyocyanin in culture is visible by eye due to its
distinctive blue-green coloration. C) P. aeruginosa (PA14) grown under the same conditions in the
cell-free supernatants of anaerobic bacterial communities enriched from sputum derived from four
unique CF patients. PYO concentrations visibly differ between cultures, independent of P.
aeruginosa density.

27



— FEV,
1 Antibiotic Therapy ~ iesems Projected FEV,

Py
L 4 >

— Predicted Infection

g
-----

= = QObserved Infection

-
.......
-

\ FEV1
Decline

FEV,, Bacterial Load

Time

Figure 1.3 - Model of P. aeruginosa bacterial load throughout a CF pulmonary exacerbation
event. FEV, (solid black line) decreases at the onset of a pulmonary exacerbation and recovers
after antibiotic therapy. P. aeruginosa bacterial load is traditionally predicted to increase during an
exacerbation and decrease following antibiotic therapy (red solid line). However, gPCR analysis
suggests this is not always the case (Stokell et al., 2014). Rather, P. aeruginosa bacterial load
remains stable before, during, and after a pulmonary exacerbation (red dotted line) suggesting an
exacerbation driving force other than the simple outgrowth of the pathogen.
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Mucin-Based Cross-Feeding Model

Given its high colonization rate of over 80% of CF patients over ~25 years of age,
a substantial nutrient source must be present to support the high abundance of PA
(Pittman et al., 2011). However, unlike the oral cavity and Gl tract, externally
derived dietary nutrients are not available, suggesting that bacterial growth
substrates are likely host derived. While cytokines, defensins, lactoferrins, and
other host factors are present as potential carbon and nitrogen sources, they are
unlikely available at the high concentrations required to support the large PA
bacterial loads of 108 to 10" CFU/mL observed in patient sputum (Palmer et al.,
2005). Mucin is a highly abundant biomolecule of the CF airways (Morrison et al.,
2019); however, despite harboring a variety of extracellular proteases and glycosyl
hydrolases (Drula et al., 2022), PA is unable to efficiently utilize it as a sole nutrient
source to support its growth. Rather, it is thought to rely on the cross-feeding of
degraded mucin components and secondary metabolites produced by previously
described anaerobic mucin degrading bacterial species (Flynn et al., 2016). This
may be due, in part, to confirmed sialidases capable of cleaving the sialic acid
residues that often cap mucin O-glycans rarely being encoded (Lewis et al., 2012)
— possibly inhibiting access to mucin glycans. Cleavage of terminal sialic acids or
general liberation of mucin structural components by mucin degrading genera may
process mucins to a state in which they are nutritionally viable for PA. However,
the exact role of each cross-feeding genus (Streptococcus, Prevotella, Veillonella,
and Fusobacterium) and the nature of their exchanged metabolic byproducts

remain unknown.
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Anaerobic mucin degraders are known to produce copious amounts of diverse
organic acids, especially short-chain fatty acids, as byproducts of mucin
degradation. The presence of these organic acids in vivo has been confirmed
through analysis of CF sputum — finding mM concentrations of both acetate and
propionate (Figure 1.4A). Origination of these organic acids from relevant bacterial
sources has also been supported through the analysis of minimal mucin
enrichment community supernatants — again finding mM concentrations of organic
acids (Flynn et al., 2016) (Figure 1.4B). Organic acids not only offer a bioavailable
nutrient source for PA, but these metabolites also play a role in the potentiation of
antibiotic mediated PA biofilm inhibition, suggesting they may also play a larger

role in the regulation of pathogen virulence (Bao et al., 2022).

When grown aerobically on a minimal mucin medium, PA strain PA14 reaches a
maximum culture optical density (OD600) of ~ 0.2 - significantly lower than its
maximum OD600 of ~0.8 when grown in glucose (Figure 1.5A). When co-cultured
under aerobic conditions on top of an anoxic soft agar containing an immobilized
mix of oral derived mucin degrading anaerobes (Figure 1.5B), growth of PA14
increases an order-of-magnitude compared to cultures in which anaerobes are
omitted (Figure 1.5C). This suggests a cross-feeding relationship between the two
populations (Flynn et al., 2016). Furthermore, PA14 produces visually variable
pyocyanin concentrations when grown on the cell free supernatants of different
anaerobic mucin degrading communities, independent of culture density (Figure

1.2C). This observation led to the main hypothesis being tested throughout this
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thesis: the specific composition of a co-colonizing community not only
influences the growth of PA, but also its pathogenic potential via regulation

of phenazine expression.

If true, this hypothesis offers potential explanations for two clinically observed
phenomena relating to PA and its role in CF disease progression; (i) its tendency
to preferentially colonize the airways of older CF patients past their late twenties
(Hewer et al., 2017), and (ii) the lack of acute population density changes of the
pathogen throughout pulmonary exacerbation cycles (Figure 1.3). If PA is unable
to degrade and utilize mucins as a sole nutrient source, it may require modification
of the nutritional landscape of the airway environment by mucin degrading
anaerobes. The ecological succession of that environment may be a stepwise
process starting with colonization by robust mucin degrading keystone genera
such as Streptococcus during the early years of a patient’s life, followed by
colonization by metabolically cooperative genera such as Veillonella, Prevotella,
and Fusobacterium spp. as a patient ages. This culminates in the eventual
colonization by metabolic scavengers such as PA. Scenarios in which PA bacterial
load remains stable throughout the cycle of a pulmonary exacerbation (Figure 1.3)
may be a result of unnoticed changes in co-colonizing bacterial community
composition or metabolism, perturbing the cross-feeding relationship and leading
to the upregulation of phenazine expression by PA - increasing airway
inflammation and eliciting disease flares. It is also possible antibiotic treatment of

exacerbations may alter bacterial community composition and cross-feeding
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interactions rather than directly killing PA, in turn resulting in a downregulation of
PA phenazine expression resulting in symptom resolution. The proposed cross-
feeding model (Figure 1.6) offers a strong foundation for the investigation of both
basic and translational scientific inquiries regarding bacterial interactions within the

CF airways and the resulting clinical impacts.
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Figure 1.4 - Organic acids are present in CF sputum and subsequent mucin enrichments. A)
Quantification of acetate and propionate in a CF sputum sample (Flynn et al., 2016). B)
Quantification of acetate, propionate, and lactate in the cell free supernatant of a bacterial mucin
enrichment derived from a CF sputum sample (Flynn et al., 2016).
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Conclusion

Throughout this thesis, | employ a reductionist approach to further elucidate the
intricacies of the proposed cross-feeding model (Figure 1.6) and identify its role in
CF disease progression. In Chapter 2, | optimize the tools necessary to tease apart
and evaluate the mucin, secondary metabolite, and phenazine components of the
model. | describe a fast protein liquid chromatography method capable of
qualitatively measuring mucin glycoprotein degradation, a method for the
generation of a minimal mucin medium suitable for in vitro culture experiments,
and two high performance liquid chromatography methods for the quantification of
organic acids and phenazines. In Chapter 3, | characterize a representative oral
anaerobic community adept at mucin degradation. Subsequently, | characterize
individual representative bacterial species of this community and investigate the
impact of their metabolic byproducts on PA growth and virulence. | further this
investigation in Chapter 4, where | analyze the community composition of clinically
derived CF sputum samples and the effects on PA. Together, this work offers a
wealth of reference data pertaining to the metabolism of anaerobic mucin
degrading bacterial species, as well novel insights into PA physiology and
virulence. Additionally, this work establishes several specially optimized
methodologies that provide great value in similar fields of research involving
bacterial interactions and mucin glycoproteins. Ultimately, these data lay the
groundwork for continued research aimed at defining predictive CF pulmonary

exacerbation biomarkers and identifying novel alternative therapeutic strategies.

36



CHAPTER 2: Tool Development — Mucin Media and
Liquid Chromatography
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Summary

As described in Chapter 1, Pseudomonas aeruginosa (PA) is unable to efficiently
degrade mucin glycoproteins. Rather, it engages in cross-feeding interactions with
commensal mucin-degrading bacterial constituents of the cystic fibrosis (CF)
airways that support its nutritional requirements and putatively potentiate its
virulence in vivo. This cross-feeding model is multifaceted and requires individual
characterization of pathogen, commensal, and mucin substrate components as
well as interactions between each component. Several limitations impede this
characterization — the lack of a biologically relevant mucin-based medium for in
vitro experiments, the lack of a high-throughput method to measure mucin
degradation, and the lack of high-throughput methods capable of measuring cross-
feeding metabolites of interest (i.e., organic acids and phenazines) in mucin-rich
samples. In this chapter, | overcome these limitations through the development
and optimization of a minimal mucin medium (MMM) and several chromatography
techniques able to quantify mucin degradation, microbially generated organic
acids, and phenazines produced by PA. These tools not only offer value in the field
of CF research, but any field involving microbial metabolic interactions and mucin

glycoproteins.
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Fast Protein Liquid Chromatography: Mucin Degradation

Introduction

Fast protein liquid chromatography (FPLC) is a method of medium pressure liquid
chromatography that relies on a peristaltic pump to move samples through an
analytical column for the separation and subsequent analysis of biomolecules such
as DNA and proteins (Chandra et al., 1992). Columns may be packed with a variety
of inert porous solid stationary phase materials (e.g., glass, silica, agarose)
conducive for size-exclusion chromatography (SEC) — a technique that capitalizes
on the discriminatory power of molecular size for analyte separation (Hong et al.,
2012). Elution of analytes from the SEC column follows a pattern wherein species
with greater molecular dimensions are more rapidly eluted, while those with
smaller molecular size exhibit delayed elution due to comparatively slower transit
through the stationary phase matrix. Post elution, analytes are passed through a
flow cell for analysis via an ultraviolet — visible light spectrum (UV-VIS) detector
which measures light absorption of eluents at key wavelengths (260 nm for nucleic
acids / 280 nm for proteins) to quantify relative abundance (Manchester et al.,

2018).

Despite routine implementation of this methodology in protein analysis, its
applicability to mucins, while seemingly intuitive, is impeded by the innate
properties of the glycoproteins (Haavik et al., 1985). Owing to their molecular
weight (> 2 million kDa) and distinct gel-forming characteristics, mucins possess

an increased propensity to obstruct SEC columns thereby elevating system
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pressure, compromising instrument components, and ultimately hindering the
separation of mucins of different molecular weights. In spite of this, utilization of
FPLC SEC remains a valuable analytical tool if the aforementioned caveats are
kept in mind when developing relevant separation methods. This is particularly true
when compared to mucin glycoprotein analyses via alternative methods such as
enzyme-linked immunosorbent assays (ELISA). While ELISA may be able to
quantify mucins by employing capture antibodies specific to core mucin
components (i.e., MUC5AC, MUCS5B) (Kraft et al., 2008), labor required for these
methods is significantly greater and they are not without their own caveats
including possible hindrance of antibody binding by dense glycan chains - similar
to the observed glycan protection of glycoprotein polypeptides from protease
cleavage (Varki, 2016). Also, ELISAs inherently have a reduced capacity to

characterize various size-based stages of glycoprotein degradation.

In the following chapter, | present an optimized FPLC SEC method for the
reproducible separation of high molecular weight (HMW) and low molecular weight
(LMW) mucin glycoprotein populations from mucin-rich samples. While unable to
quantify absolute values of these glycoproteins, this method can be used to
measure relative changes between the two, providing valuable insight into the level
of HMW mucin degradation that has taken place in a sample. When combined with
an FPLC fraction collector, this method also allows for collection of degraded
mucin pools for further purification or downstream analysis. Development of this

method has been instrumental in evaluating the mucin-degrading potential of both
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individual CF-associated bacterial species and more complex communities. This
approach also holds promise for wider applications beyond CF research, with
potential utility in diverse fields of inquiry mucin-rich environments, such as oral,

ocular, gastrointestinal, and reproductive body sites.

Materials and Methods

Media Preparation:

1X beef broth complete media was prepared with reagents as described in Tables
2.1 - 2.2. All reagents, with the exception of cysteine HCI, were combined and
brought to a boil until full dissolution of solids into solution. Cystine HCI was added
once the mixture was cooled to room temperature. Media was brought to a pH of
7.0 and degassed in an anaerobic chamber for a minimum of 6 hours prior to being
dispensed into rubber crimp-top balch-type glass tubes. Media aliquots were
autoclaved at 121°C for 20 minutes prior to storage in the anaerobic chamber and

subsequent use.

MMM was prepared with reagents as described in Tables 2.4 -2 .8 and following

the original methodology as described Flynn et al., 2016 and on page 60.
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Table 2.1 — Recipe for the preparation of complete beef broth media.

1X Beef Broth Complete Media (250 mL)

Reagent Quantity
2.25X Beef Broth* 111 mL
Trypticase 15¢
Yeast Extract 25¢
K2PO4 25¢g
Hemin Solution (+ Vitamin K) 5mL
DHNA 0.5mg
adH20 111 mL
Cysteine HCI** 0.25¢

* Recipe for the preparation of 2.25X beef broth found in Table 2.

**Combined reagents are brought to a boil for complete dissolution and cooled to room
temperature prior to the addition of cysteine HCL.

Adjusted to a pH of 7.0. Dispensed anaerobically into rubber crimp-top balch-type glass tubes.
Autoclaved at 121°C for 20 minutes.

Table 2.2 - Recipe for the preparation of 2.25X beef broth.

2.25X Beef Broth (2000 mLs)

Reagent Quantity
Ground Beef (Organic / Low Fat) 500 g
daH20 2000 mL
NaOH 25mL

Beef is wrapped in cheese cloth and boiled in the solution for 20 minutes followed by a 3-hour
simmer. Resulting broth is collected and cool prior to subsequent filtering through cheese cloth

to remove residual particulates. Final broth should be clear and brown in color.
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Salivary Mucin Preparation:

Mucins were purified from human saliva. Saliva (~25 mL) was collected in 50 mL
conical tubes containing cOmplete protease inhibitor cocktail (Roche; Basel,
Switzerland) and mixed to a final volume of 50 mL with a final concentration of 6
M guanidine hydrochloride (GuHCI), 100 mM Tris-HCI, 50 mM dithiothreitol (DTT),
and 4 mM EDTA. Samples were incubated at 37°C for 1 hour, then centrifuged at
15,000 x g for 1 hour to remove debris. Supernatant was dialyzed against 4 L of
ultrapure MilliQ water for 1 hour at room temperature twice, then dialyzed overnight
at 4°C. Retentate was split into 5 mL aliquots in 50 mL conical tubes, frozen at -
80°C overnight, and freeze-dried. Lyophilized samples were pooled and
resuspended in 6mL of 3 M GuHCI. Samples were gently agitated for 1 hour at
room temperature on an orbital shaker, centrifuged for 3 minutes at 7000 rpm to
remove insoluble protein, then filtered through a 0.2 um centrifugal filter (Thermo;

Waltham, MA). Salivary mucins were then subjected to FPLC analysis.

Bacterial Strains and Culture Conditions:

Prevotella melaninogenica (ATCC 25845) was obtained from Microbiologics (St.
Cloud, MN) and stored as a 50% glycerol stock at -80°C until use. This stock was
used to inoculate a 3 mL culture of degassed beef broth medium anaerobically
within an anaerobic chamber (Coy Laboratory Products, Michigan, USA)
containing a gas mixture of 90% N2, 5% CO, and 5% H2. After 48 hours of
anaerobic incubation at 37°C, cells were spun down at 8,000 x g for 2 minutes,
washed with fresh media, and then passaged into a fresh 3 mL culture of 1:1
BB:MMM. After another 48-hour incubation under the same conditions, cells were
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again spun and washed before a final passage into a fresh 3 mL culture of 100%
MMM. 1 mL aliquots were collected from this culture at 12, 24, 36, 48, and 72 hours

post anaerobic incubation at 37°C for downstream analysis.

Sample Preparation Method Testing:

In all sample preparation methods, 700 puL aliquots of the sample were subjected
to filtration through a 0.22 um polyethersulfone (PES) centrifuge filter at some point
in processing to fully remove bacterial cells or other non-soluble components prior
to injection into the FPLC instrument. A subset of samples underwent
centrifugation at 8,000 x g for 10 minutes prior to this filtration. Other sample
subsets were subjected to mucin concentration via a Pierce™ PES 3K MWCO 0.5
mL protein concentrator (Thermo Scientific, Massachusetts, USA) centrifuged at
15,000 x g for 45 minutes. This was followed by reconstitution of the mucin
concentrate in 1 mL of 4aH20 prior to injection into the FPLC. The result was four
distinct sample preparation methods that were tested: filtration only (F), cell
pelleting + filtration (P+F), filtration + concentration (F+C), and cell pelleting +

filtration + concentration (P+F+C).

Column Length Testing:

A 10/200mm Tricorn column and 10/300mm Tricorn column were packed with
Sepharose CL-2B agarose gel filtration base matrix (Cytiva; Massachusetts, USA)
in identical fashion and individually equipped on a AKTA Pure FPLC instrument.

MMM aliquots derived from the same stock were filtered through a 0.22 um PES
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centrifuge filter prior being subjected to the finalized FPLC protocol detailed below
—once using each column length. Data collected from the use of each column size

was processed and directly compared.

Filter Pore Size and Material Testing (FPLC):

1 mL MMM aliquots of the same stock were filtered through 0.22 um and 0.45 um
PES and PVDF (polyvinylidene fluoride) 0.5 mL centrifuge spin filters at 12,000 x
g for 1 minute each. 700 uLs of each filtrate was collected and subjected to the
finalized FPLC protocol detailed below on an instrument equipped with a 10/200

mm Tricorn column. Collected data were processed and directly compared.

Sample Preparation:

Bacterial culture aliquots were subjected to centrifugation at 8,000 x g for 10
minutes. Supernatant was collected, with care not to disturb the cell pellet, and
filtered through a 0.22 um PES centrifuge filter. A minimum of 700 uLs of filtrate
from each sample was collected and transferred into 2 mL crimp top glass vials
with pierceable septa (Thermo Scientific) which were then loaded into the FPLC

autosampler for subsequent analysis.

Column Stationary Phase Packing:
Tricorn column end cap filters were soaked in 70% EtOH for 20 minutes prior to
column assembly as specified by the product manual. The column was

immobilized at a 45° angle via the use of a laboratory support stand and flask
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clamp. Sepharose CL-2B agarose beads were diluted with 70% EtOH until the
viscosity of H2O was achieved. This solution was then sonicated at maximum
settings for 15 minutes to degas the solution and prevent the formation of bubbles
in the column post-packing. A 25 mL serological was used to slowly trickle the
degassed stationary phase solution into the angled column, taking care not to
generate turbulence and gas bubbles. EtOH was allowed to drain from the bottom
of the filter capped column until the stationary phase became compacted. This was
repeated until the column was fully packed, never allowing the level of EtOH to
drop below the line of compacted stationary phase. The fully packed column was
then loaded onto the FPLC instrument and subjected to a 2 hour 70% EtOH flush
to ensure complete elimination of all trapped air. The column was then equilibrated

with method specific running buffer.

Fast Protein Liquid Chromatography:

FPLC analysis was performed on a AKTA Pure instrument with compatible ALIAS
autosampler equipped with a 10/200 mm Tricorn column packed with Sepharose
CL-2B agarose gel filtration base matrix. 500 uLs of each sample filtrate was
injected via the autosampler and subjected to a 48-minute isocratic run method at
a flow rate of 0.4 mL/min with a mobile phase consisting of 50 mM phosphate
buffer and 150 mM NaCl brought to a pH of 7.2 using 1N HCI (Table 2.3).
Conductance and absorbance at a wavelength of 280 nm (protein specific) were

monitored throughout each sample run. Protein standards from the Cytiva
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(Massachusetts, USA) HMW gel filtration calibration kit were used as general size

markers for sample analysis.

Table 2.3 - Recipe for FPLC running buffer.

150mM NaCl 50mM Na:HPO4 FPLC Running Buffer (1000 mLs)

Reagent Quantity
NaCl 8.76 g
NazHPO4 7.098 g
daH20 1000 mL

Adjust the solution to a final pH of 7.2 using HCL.
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Data Analysis:

FPLC run protocol creation and subsequent data analysis were completed using
AKTA Pure instrument compatible Unicorn™ 7.0 software. Raw chromatograms
resulting from completed sample runs were first evaluated for appropriate
conductance values and peak retention time (RT), intensity, and shape. Area
under the curve (AUC) values were recorded from appropriately gated peaks prior
to data export as CSV files. Exported CSV files were then imported into GraphPad

Prism™ 9.0 for final processing.

Results and Discussion

Fast Protein Liquid Chromatography Method Optimization:

The proposed FPLC-based methodology leverages SEC (Figure 2.1A) to
effectively segregate mucin glycoproteins into HMW and LMW populations,
facilitating the relative quantification of global mucin degradation in a given sample
via the ratio between these two populations (Figure 2.1B). On chromatograms
generated using this methodology, absorbance value (mAU) on the y-axis
indicates the relative abundance of a mucin population, while the RT (min) along
the x-axis indicates relative size of a mucin population. Based on the analysis of
molecular weight standards, absorbance peaks occurring between the RT of
approximately 0 to 12 minutes are considered HMW mucins (> ~50 kDa), while
peaks occurring between the RT of approximately 12 to 20 minutes are considered
LMW mucin components (< ~50 kDa) (Figure 2.1B) — likely glycopeptides.

Alterations in peak characteristics observed across samples subjected to varying
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conditions serve as indicators of mucin degradation variation. This is evident in the
comparison of MMM and salivary mucin, where source and processing steps (i.e.,
during manufacturing of porcine gastric mucin) likely contribute to the significant
disparity between the HMW (peak 1) glycoprotein fractions between groups
(Figure 2.1B). Nevertheless, minor variations in column attributes, such as
column length, may also impinge upon peak properties and should be considered

during method development.

To investigate the effect of column length on sample resolution, | compared the
analysis of identical samples using the same workflow but implementing two
different column lengths — 200 mm and 300 mm, both packed with the same
Sepharose CL-2B agarose stationary phase. Resulting chromatograms displayed
changes in peak RT, but no significant change in peak resolution between the two
columns (Figure 2.2A). Consequently, the shorter 200 mm column was chosen
for use in the finalized method for its reduced consumption of stationary phase

materials and comparative ease of packing.

Another variable to consider was the type of filter used for sample preparation prior
to FPLC analysis. Filtration of all injected samples is required to remove bacterial
cells and other insoluble contaminants prior to FPLC analysis, regardless of
sample sterility. However, filter pore size and material have the potential to impact
the amount of mucin recovered in the flowthrough, and subsequently affect final
peak properties. Identical MMM aliquots were subjected to filtration through 0.22
um and 0.45 um pore size centrifugation filtration with filters composed of PES
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(polyethersulfone) or PVDF (polyvinylidene difluoride) material. Final FPLC
analysis of filtrate confirmed that filtration through PES filters, even of a smaller
pore size of 0.22 um, resulted in a higher yield of mucin glycoproteins when
compared to filtration through a larger pore size 0.45 um PVDF filter (Figure 2.2B).
This may be due, in part, to the asymmetric filter structure of PES filter material
which allows gradient separation of variably sized mucin degradation species,
reducing filter clogging. PVDF filter structure is symmetric, promoting accumulation
of mucins across a uniform filter depth and subsequently clogging filter pores
(Figure 2.2C). As a result, the final optimized FPLC workflow relies on the use of

0.22 um PES filters for any sample preparation steps.
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Figure 2.1 — FPLC can be used to quantify relative mucin degradation. A) Schematic
describing FPLC size exclusion chromatography (SEC. A stationary phase matrix is used to
separate glycoprotein analytes based on size. Larger analytes pass through the matrix more quickly
resulting in a shorter retention time (RT), while the opposite is true for smaller analytes. B)
Composite chromatogram from the finalized (FPLC) method displaying the absorbance values (y-
axis) and RTs (x-axis) for several protein standards (left y-axis) and two mucin media types (right
y-axis) — minimal mucin media (MMM) and salivary mucin. Analyte absorbances are gated into
peak 1 (high molecular weight) and peak 2 (low molecular weight) by a RT of < 12 minutes or > 12
minutes respectively.
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Figure 2.2 — The impact of column length and filter material on peak properties. A) Fast
protein liquid chromatography (FPLC) chromatogram comparing the traces of identical minimal
mucin media (MMM) aliquots run on a 200 mm column vs a 300 mm with the same stationary
phase and run method. B) Chromatogram comparing the traces of identical MMM aliquots filtered
through filter membranes of different pore size and material and subjected to the same run method.
C) Scanning electron microscopy (SEM) imaging of a filter material cross sections highlighting the
differences in material symmetry (Steffen, 2018).
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Sample Preparation Method Optimization:

While sterile control samples of MMM or salivary mucin only require filtration
through a 0.22 um PES centrifuge filter prior to FPLC analysis, this minimal sample
preparation is not suitable for all sample types. Viscous samples run the risk of
clogging the FPLC column. To identify the optimal sample preparation method
prior to FPLC injection, several methodologies were tested on the 72-hour MMM
supernatant of Prevotella melaninogenica. When aliquots of this culture were only
filtered in a fashion similar to that of control MMM, a significant reduction in all
absorbance values were observed, suggesting clogging of the filter membrane
resulting in decreased mucin yield in the flowthrough. This was remedied by simply
pelleting the bacterial cells via centrifugation prior to filtration (Figure 2.3). To
reduce the risk of FPLC column damage and clogging from high sample viscosity,
a 3K MWCO protein concentrator was used to concentrate sample mucins for
reconstitution in a larger volume of H2O prior to FPLC injection. While this
processing method resulted in a less viscous sample and notable absorbance
peaks, mucin integrity appeared to be affected (Figure 2.3). Ultimately, this
concentration-based sample preparation was found to be unnecessary for
applications using MMM. However, it still may prove useful in applications involving

more viscous mucin samples such as salivary mucin or clinical sputum samples.
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Figure 2.3 — Comparison of sample preparation methodologies. FPLC chromatogram
comparing identical aliquots of P. melaninogenica minimal mucin media (MMM) culture supernatant
post 72 hours of incubation at 37°C. Aliquots were processed prior to analysis using a combination
of different methodologies - filtration through a 0.22 um PES centrifuge filter (F), cell pelleting via
centrifugation prior to filtration (P), and mucin concentration and reconstitution via a 3k MWCO
protein concentrator (C).

54



In vitro Method Validation:

Following optimization of the FPLC and sample preparation methods, | sought to
validate the workflow and demonstrate its utility through the analysis of in vitro
mucin degradation over time by a representative mucin degrading species. Using
the described workflow, | analyzed the mucin degradation profile of Prevotella
melaninogenica, a species commonly identified in the CF airways, in MMM over
48 hours. The resulting composite chromatogram displayed two distinct peaks
gated in the HMW (peak 1) and LMW (peak 2) RTs, as expected (Figure 2.4A).
Closer inspection of the HMW peak (peak 1) confirms a gradual decrease in
absorbance value over time when compared to the MMM control (Figure 2.4B).
Conversely, the opposite trend is observed in the LMW peak (peak 2). Not only do
the AUC values increase over time but the median RT increases over time as well
(Figure 2.4C) — both suggesting the degradation of mucin into smaller species.

Together, these data validate the use of the proposed optimized FPLC workflow.
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Figure 2.4 — Mucin degradation profile of Prevotella melaninogenica. A) Composite FPLC
chromatogram of a minimal mucin medium (MMM) control and P. melaninogenica MMM culture
supernatants derived from different incubation time points. B) Chromatogram focusing on the high
molecular weight (HMW) peak (peak 1) of the composite chromatogram. Inset bar graph displayed
the calculated area under the curve (AUC) values for each peak. C) Chromatogram focusing on
the low molecular weight (LMW) peak (peak 2) of the composite chromatogram. Inset bar graph
displayed the calculated AUC values for each peak.
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Conclusion

In this section, | have presented an optimized FPLC SEC method that enables the
reproducible separation of HMW and LMW mucin glycoprotein populations from
mucin-rich samples — excluding many non-mucin LMW bacterial products that are
too small to be captured by the column . This method overcomes the limitations
inherent in conventional methods for analyzing mucin glycoproteins, which have
been impeded by mucin size and its unique gelling properties. This method not
only measures relative mucin size but can also be used to collect mucins of a

desired size for further purification or downstream analysis.

This optimized method has potential for evaluating the mucin-degrading capacity
of both individual CF-associated commensal bacterial species and the diverse
communities they comprise. This information not only offers basic insights into
microbial physiology but is of critical importance in understanding the impact of
airway microbial communities on canonical CF pathogens (i.e., PA) in vivo - a
necessary step in better understanding the pathogenesis of CF and developing

new therapeutic strategies that target these interactions.

Moreover, the approach has broader implications beyond CF research. Use of
FPLC SEC for analyzing mucins has applications in diverse fields of inquiry that
involve mucin glycoproteins, such as oral, ocular, gastrointestinal, and
reproductive research. The described method provides a powerful tool for studying
bacterial-mucin interactions and will enable more precise investigations of these
complex relationships in controlled in vitro experiments.
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Minimal Mucin Medium Optimization

Introduction

As previously described, mucins are large glycoproteins and the primary
components of mucus which plays a critical role in the healthy function of mucosal
epithelial surfaces of the body including the respiratory, digestive, and reproductive
tracts. As more is learned about this class of molecules, it has become apparent
that their interactions with bacteria in vivo may play a role in the progression of
certain diseases such as CF and may directly impact patient clinical outcomes
(Granchelli et al., 2018). Despite recent findings (Jean-Pierre et al., 2023) that
have expanded our knowledge on the subject, many of the underlying mechanisms
of these bacterial-mucin interactions remain largely uncharacterized. This, in part,
is due to several inherent challenges mucin biology imposes on successful study

of these interactions.

In vitro models of bacterial-mucin interactions are valuable tools for uncovering
these underlying mechanisms; however, it remains difficult to recapitulate the in
vivo nutritional landscape of a mucus environment. Several mucin-based media
for in vitro culturing experiments, such as artificial sputum media (ASM) exist
(Sriramulu et al., 2005), but are very rich and nutritionally undefined making them
a poor choice for reductionist experiments that require tight regulation of nutritional
variables. MMM has also been described in literature by our laboratory (Flynn et
al., 2016) and has been utilized as a medium for the cultivation of bacteria on mucin

as a sole carbon source — minimizing other nutritional variables.
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MMM is created with the use of porcine gastric mucin (PGM) which is primarily
composed of the mucin species MUCS5AC (Sigma-Aldrich, Missouri, USA). This is
one of the primary mucin species of the human respiratory system (MUCS5B is the
other) (Okuda et al., 2019), making this mucin source a cheap, abundantly
available, and biologically relevant alternative to human-derived mucin. However,
recent characterization data of MMM has shown that commercially available PGM
is primarily composed of LMW mucins (Figure 2.1B) — likely a result of the
manufacturing process. While still a useful tool for in vitro experiments, the lack of
substantial HMW mucin differs from what is observed in vivo and presents a

challenge when trying to best recapitulate bacterial-mucin interactions.

To address this challenge, | built upon our conventional MMM generation method
in an effort to increase HMW mucins and decrease contaminants. To accomplish
this, PGM mucin was first characterized via FPLC to better understand the factors
contributing to its degradation and contamination. Data from this characterization

subsequently informed the optimization preparation of MMM.

In this subsection, | present the findings of our PGM characterization as well as an
optimized approach for the generation of MMM which results in a final medium
consisting of a significantly higher fraction of HMW mucins and reduction of
contaminants (i.e., organic acids) from PGM. Throughout this work, | demonstrate

that this optimized MMM can support the growth of diverse bacterial species and
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allows us to better investigate how individual bacteria and bacterial communities

interact with and metabolize mucin glycoproteins.

Materials and Methods

Original Minimal Mucin Media Preparation:

MMM was prepared as previously described (Flynn et al., 2016) (Tables 2.4 - 2.8)
(Figure 2.5A). Type Ill PGM (Sigma-Aldrich, Missouri, USA) was added to ddH-O
at a concentration of 30 g/L prior to autoclaving at 121°C for 30 minutes.
Autoclaved PGM was transferred into 20 um regenerated cellulose (RC) dialysis
tubing (Fisher Scientific) for two, 2-hour incubations in ddH>O at room temperature,
followed by overnight incubation at 4°C. ddH2O was replaced between each
incubation. This was followed by transfer into 50 mL centrifuge bottles and
subsequent centrifugation at 30,000 x g for 1 hour. Supernatant was carefully
removed, avoiding solids, and ddH2O was added to the mucin solution at a 1:1
ratio, and buffered with 50 mM KH2PO4 (Tables 2.5 - 2.6) and 150 mM NaCl. 1
mM MgSO4 and a vitamin and mineral mix (Tables 2.7 - 2.8) were then added to
the buffered mucin solution. The final solution was filtered through 30 mL capacity
0.22 um PVDF syringe filters. Mucin content was determined using FPLC as

described below. Complete medium was stored at -20°C for immediate use (< 2

weeks) or -80°C for long-term storage (> 2 weeks).

Optimized Minimal Mucin Media Preparation:

MMM was prepared in a fashion generally similar to what was previously

described, but with modifications (Table 2.4 — 2.8) (Figure 2.5B). Type Il PGM

60



was added to ddH-0O at a concentration of 30 g/L prior to autoclaving at 121°C for
15 minutes and transfer to 250 mL centrifuge bottles for centrifugation at 15,000 x
g for 1 hour. Supernatant was carefully removed, avoiding solids, and sequentially
filtered through PES membranes (3 um,1 um, 0.45 um, 0.22 um) (Merck Millipore,
Massachusetts, USA) using a peristaltic pump. Filtrate was transferred into 20 um
RC dialysis tubing for two, 2-hour incubations in ddH>O at room temperature,
followed by overnight incubation at 4°C. ddH2O was replaced between each
incubation. Post dialysis, ddH>O was added to the mucin solution at a 1:1 ratio and
was buffered with 50 mM KH2PO4 (Tables 2.5 - 2.6) and 150 mM NaCl. 1 mM
MgSOs4 and a vitamin and mineral mix (Tables 2.7 - 2.8) were then added to the
buffered mucin solution and filtered through a 0.22 um bottle top PES filter (Foxx
Life Science, New Hampshire, USA). Mucin content was determined using FPLC
as described below. Complete medium was stored at -20°C for immediate use (<

2 weeks) or -80°C for long-term storage (> 2 weeks).
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Table 2.4 - Recipe for 1X minimal mucin media.

1X Minimal Mucin Media (500 mL)

Reagent Quantity
Pre-Autoclaving
Porcine Gastric Mucin (Type IlI) 759
adH20 (Prior to Autoclaving) 250 mL
Post-Autoclaving, Dialysis, and Centrifugation
adH20 250 mL
Mineral and Vitamin Salts Mix* 36 mL

* Recipe for the preparation of mineral and vitamin salt mix found in Table 5.

Table 2.5 - Recipe for mineral and vitamin salts mix.

Mineral and Vitamin Salts Mix (36 mL)

Reagent Quantity
NaCl (1.7M) 25 mL
MgSOs4 (1M) 0.5 mL
NCN (Phosphate Buffer) * 10 mL
Trace Minerals and Vitamins ** 0.5mL

* Recipe for the preparation NCN phosphate buffer found in Table 6.
** Recipe for the preparation of trace minerals is found on Table 7 and trace vitamins on Table
8. Addition of final 0.5 mL volume to this solution is from a 1:1 ratio mix of the individual mineral

and vitamin stocks.
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Table 2.6 - Recipe for NCN phosphate buffer.

NCN Phosphate Buffer (100 mL)

Reagent Quantity
KH2PO4 19.7 g
KzHPOq4 - 3H20 323¢g
adH20 100 mL

Adjust the solution to a final pH of 7.4 using HCL.

Table 2.7 - Recipe for trace minerals.

Trace Minerals (1000 mL)
Reagent Quantity
Nitrilotriacetic acid ~1.5mL
MnCl2-4H20 01g
FeS04:7H20 05¢g
CoCl2:6H20 0.17 g
ZnCl 01g
CuS04:5H20 0.03g
AIK(SOs)2:12H20 0.005¢g
HsBO3 0.005¢g
NazMoO4 0.09¢g
NiCl2 0.05¢g
NazW0O4-2H20 0.02g
Na2SeO4 01g
CaCl2:2H20 0.049g
Adjust the solution to a final pH of 6.5 using nitrilotriacetic acid.
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Table 2.8 — Recipe for trace vitamins

Trace Vitamins (1000 mL)

Reagent Quantity
Biotin 0.002 g
Folic Acid 0.002 g
Pyridoxine-HCI 0.01g
Thiamine 0.005¢
Riboflavin 0.005¢
Nicotinic acid 0.005¢
Pantothenic acid 0.005¢
Vitamin B12 0.0001 g
p-Aminobenzoic acid 0.005¢
Thioctic acid 0.005¢

Adjust the solution to a final pH of 8.0 using NaOH.
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Baseline Mucin Degradation Testing:
Sterile MMM was incubated anaerobically at 37°C for a total of 72 hours. Aliquots
were collected at hours 0, 24, 48, and 72. These aliquots were subjected to FPLC

analysis.

Freeze Thaw Cycle Mucin Degradation Testing:

Sterile MMM was subjected to FPLC analysis to measure mucin degradation pre-
freeze thaw cycling. The same stock of MMM was subjected to two repeated freeze
thaw cycles at -80°C for 24 hours each cycle. Aliquots were collected following

each freeze thaw cycle and analyzed via FPLC.

Mucin Molecular Size Testing:

700 pL aliquots of steriie MMM from the same stock were subjected to
concentration via PES centrifuge protein concentrators with 3, 5, 10, and 100 kDa
molecular weight cut offs (MWCO). Concentration occurred via centrifugation at
15,000 x g for 1 hour. Concentrated mucin was reconstituted in 700 uL of ddH20

prior to FPLC analysis.

Fast Protein Liquid Chromatography:

FPLC analysis of mucin degradations accomplished using the reagents in Table

2.3 and the methodology previously described on page 46.
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Data Analysis:
Analysis of FPLC data was accomplished using Unicorn™ 7.0 and Prism™ 9.0

software as previously described on page 48.
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Results and Discussion

Minimal Mucin Media Characterization:

To better understand what factors impact the ratio of HMW and LMW mucins in
MMM, | investigated the effects of heat and freeze thaw cycles on MMM mucin
degradation. As most culture experiments utilizing MMM undergo anaerobic
incubation at 37°C, | sought to establish an understanding of the baseline mucin
degradation that occurs at this temperature without the addition of microbes. Over
the course of a 72-hour incubation, | observed a marginal and gradual decrease in
the AUC values of the HMW peak conversely corresponding to an increase in the
AUC values of the LMW peak (Figure 2.6A). This suggests that while minimal,
some baseline level of MMM mucin degradation occurs due to incubation at
elevated temperatures. This should be kept in mind, particularly when evaluating

the chromatograms of bacterial species for mucin degradation.

MMM generation is a time consuming and laborious process. As such, large
batches are often made at once, and frozen at -80°C for long term storage.
Additionally, partially used aliquots of MMM are commonly placed back into
storage, subjecting them to multiple freeze-thaw cycles. As established, any
changes in FPLC chromatogram traces can impact the accurate evaluation of
mucin degradation for a bacterial species or community of interest. Accordingly, |
sought out to elucidate the impact of freeze-thaw cycles on MMM mucin integrity.
While one freeze-thaw cycle at -80°C for 24 hours resulted in no significant change

in mucin ratios compared to MMM that was never frozen, an additional cycle
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resulted in mucin degradation. This was observable not only by an increase in
LMW peak AUC values but also an increase in LMW peak RT (Figure 2.6B). Given
these data, | recommend against the use of MMM that has been frozen more than
one time at -80°C. Aliquoting freshly generated MMM into smaller volumes for

storage may aid in the reduction of unused media.

While the use of HMW protein standards has informed us of the correlation
between molecular size and RT of HMW (RT < 12 min) glycoproteins, the
molecular size range of LMW (RT > 12 min) glycoproteins remained
uncharacterized. In lieu of LMW standards, | employed a series of PES protein
concentrators with sequential LMW MWCO values (3, 5, 10, 100 kDa). Resulting
MMM mucin concentrates were reconstituted in water prior to FPLC analysis to
observe the traces generated by isolated mucin species populations of various
sizes. As expected, all traces maintained the presence of a HMW peak, confirming
the contents of that peak are well over 100 kDa. All observed differences between
conditions occurred in the LMW peak suggesting the molecular size range of
glycoproteins composing it includes species between 3 to 100 kDa. As MWCO
values increased, the AUC and median RT of the LMW peak decreased,
suggesting loss of smaller mucin species from the sample (Figure 2.6C). These
findings allow us to assign a general estimated molecular size range for
glycoproteins that contribute to the LMW peak observed in FPLC traces — providing

further context to our experimental results.
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Figure 2.6 — Characterization of basic mucin properties in MMM. A) FPLC chromatogram
comparing the traces of sterile MMM incubated anaerobically at 37°C for 0, 24, 48, and 72 hours.
B) Chromatogram comparing the traces of sterile freshly generated MMM to sterile MMM that was
frozen at -80°C for 24 hours one time or two times. C) Chromatogram comparing the traces of the
reconstituted mucin concentrate generated from concentration of MMM through PES protein
concentrators with different molecular weight cut-offs.
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Validation of Improved Minimal Mucin Media:

Characterization of MMM aided in the identification of several modifications that
could be made to the original MMM generation protocol to increase the ratio of
HMW mucins. First, autoclave time was decreased from 30 minutes to 15 minutes
(Figure 2.5B) — greatly increasing the final ratio of HMW mucins. Autoclaving,
unsurprisingly, greatly contributes to mucin degradation — an effect that can be
observed when autoclave time is reduced or removed from the protocol altogether
(Figure 2.7). | explored alternative methods such as UV irradiation; however, |
deemed the inclusion of an autoclave step necessary to prevent microbial growth

and degradation of mucins by bacterial enzymes.

| also modified the ordering of the original protocol steps to prioritize removal of
large insoluble components prior to dialysis (Figure 2.5B) — increasing dialysis
efficiency. MMM contains very low levels (<0.1 mM) of organic acids contaminants
(i.e., acetate, propionate, lactate) that vary between batches. This is a
consequence of the source environment of PGM — the organic acid rich
gastrointestinal tract. Preliminary HPLC analysis of organic acids in MMM
suggests the optimized generation method results in a final medium with less

organic acid contamination (data not shown).

Another pitfall of MMM generated using the original methodology was a high rate
of stock contamination. Initially thought to be a result of user error, final sterilization

of the media via 0.22 um PVDF syringe filtration was identified as the issue.
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Filtration using this method requires high pressure due to the viscosity of the
medium. This likely not only resulted in membrane blockages which decreased
mucin yields, but also membrane breakages which compromised sterilization. To
overcome this, | implemented a sequential filtration method utilizing a peristaltic
pump that ceases function at high pressures. This was followed by a final filtration
through a 0.22 um PES vacuum filter. This approach resulted in less membrane
blockages, a significantly more transparent final medium, and reduced

contamination.

Together, these protocol modifications (Figure 2.5) represent a refined process
that minimized sources of error. MMM generated using both the original and
optimized methods were directly compared via FPLC analysis. The result was a
significant reduction in RT for both the HMW and LMW mucin peaks of the
optimized MMM, suggesting a decrease in global mucin degradation and an
increase in the average size (kDa) of mucin species in the medium compared to
the original (Figure 2.7A). Additionally, the AUC values for each respective peak
increased in the optimized MMM suggesting a higher concentration of mucin
glycoproteins in each compared to the original — the result of notably improved

mucin yield throughout the processing steps (Figure 2.7B-C).
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Figure 2.7 — FPLC comparison of MMM preparation methodologies. A) Composite FPLC
chromatogram comparing the traces of MMM generated using the original method, the optimized
method, and the optimized method without an autoclaving step. B) Area under the curve (AUC)
values of peak 1 (high molecular weight) mucins. C) AUC values of peak 2 (low molecular weight)
mucins.
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Conclusion

In this section, | not only optimize MMM for the study of microbial-mucin
interactions but also provide new insights into the impact of environmental
variables, such as temperature, on the integrity of our mucin medium. Deeper
understanding of how variations in experimental conditions can affect the integrity

of mucin has important implications for experimental design and reproducibility.

| further validated the efficacy of our optimized MMM by directly comparing it to the
original media generation method via FPLC. Through this validation process, |
observed a significant increase in the abundance of HMW mucins in the optimized
MMM, indicating improved preservation and representation of the MUC5AC mucin
population. This reinforces the reliability and relevance of our optimized medium
in more accurately capturing an in vivo mucin profile and facilitating the study of

mucin degradation by various microbial species.
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High Performance Liquid Chromatography: Phenazine Analysis

Introduction

As described above, CF is characterized by the accumulation of viscous mucus in
the airways, providing an ideal environment for the colonization of opportunistic
pathogens (Blanchard et al., 2022). Among them, PA is considered the major
contributor to the morbidity and mortality associated with disease progression
(Crull et al., 2018). PA is notorious for its adaptability and ability to establish chronic
airway infections, leading to a decline in lung function in individuals with CF (Crull

et al., 2018).

The production of phenazines, a class of redox-active secondary metabolites,
contribute to the ability of PA to colonize and persist in the airways. Phenazine-1-
carboxylic acid (PCA), phenazine-1-carboxamide (PCN), 1-hydroxyphenazine
(1HP), and the notably visually blue pyocyanin (PYO) are the primary phenazines
produced (Figure 2.8). These compounds exhibit diverse biological activities, such
as electron transfer, redox cycling, cytotoxicity, modulation of host immune
responses, and antibiotic resistance (Briard et al., 2015; Wang et al., 2011;
McGuigan et al., 2014) - ultimately driving the pathogenicity of PA in the airway

environment.

Due to their potential impact on CF clinical outcomes, the function and regulation
of PA phenazines is of ongoing interest in research. Accordingly, accurate

quantification of phenazine derivatives, both in vivo and in vitro, is essential for
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better understanding their roles in CF respiratory infections. This is also essential
in evaluating the efficacy of novel therapeutic interventions targeting phenazine
production — a much needed alternative to antibiotic therapies that are growing
ineffective against multi-drug resistant PA strains. Historically, liquid-liquid organic
extraction of pyocyanin followed by acidification and spectrophotometric
colorimetric measurement has been a widely employed method for phenazine
quantification (Essar et al., 1990; Ozdal, 2019; Najafi et al., 2021; Gupte et al.,
2021). Extraction of phenazines and subsequent acidification changes the color of
pyocyanin from blue to red (Figure 2.8), allowing it to be measured at an
absorbance of 520 nm. While useful, this approach suffers from several limitations
that can affect its accuracy and reliability. For example, this method is limited to
the quantification of PYO, excluding other phenazines of interest. It is susceptible
to interference from co-extracted compounds, such as pigments and other
molecules, which can lead to erroneous determinations of PYO concentrations.
Liquid-liquid extraction of PYO aims to reduce this interference; however, inherent
loss of target compound yield associated with this method further obfuscates the
accuracy of final calculated values. Furthermore, colorimetric measurement at a
single wavelength may lack specificity and can be influenced by background

absorbance.

To overcome these limitations and enhance the accuracy of phenazine
quantification, there is a need for more reliable methods — particularly compatible

with mucin-rich sample types. High performance liquid chromatography (HPLC)
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coupled with appropriate detection techniques, such as ultraviolet-visible (UV-Vis)
spectroscopy or mass spectrometry (MS), offers a powerful alternative as it
provides superior separation, specificity, and the ability to resolve multiple

phenazine derivatives.

Here, | describe novel sample preparation and HPLC methods for the
quantification of phenazines in mucin-rich PA in vitro cultures. | demonstrate the
advantages of HPLC over the conventional organic extraction and colorimetric
approaches, highlighting its improved accuracy, sensitivity, and ability to detect a
wider range of phenazines. Method performance is validated through the
quantification of known phenazine standard concentrations and those produced by

PA under two different culture conditions.

By offering a more accurate and comprehensive quantification of relevant

phenazines, this HPLC method significantly contributes to our understanding of

the roles these compounds play in PA infections.
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Materials and Methods

Media Preparation:
MMM was prepared with reagents as described in Tables 2.4 - 2.8. Similarly,
steps for preparation of the media follow the optimized method described on

pages 60.

Bacterial Culturing:

The representative anaerobic oral community (AOC), described in Chapter 3 (page
127) was used to inoculate a 5 mL culture of MMM and was incubated
anaerobically at 37°C for 72 hours. Cells were pelleted via centrifugation at 8,000
x g for 10 minutes. Supernatant was collected and stored for use in downstream

culture experiments.

Overnight cultures of PA laboratory reference strain PA14 (Obtained from Marvin
Whiteley Laboratory, Georgia Tech) in LB Miller Broth (LB) (IBI Scientific, IA, USA)
were washed two times with 4¢H20 and used to inoculate 200 pLs of fresh MMM
or AOC MMM supernatant in a 96-well plate format to a calculated starting OD600
of 0.01. Plates were then incubated at 37°C with continuous shaking at 210rpm in
a Synergy H-1 Plate Reader (BioTek). After 72 hours, photos were taken of the
cultures and cultures were subjected to the sample preparation methods detailed

below.
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Colorimetric PYO Quantification:

PYO extraction and colorimetric quantification was completed as described in
Essar et al., 1990, with modifications. Briefly, PA14 cultures to be analyzed were
pelleted via centrifugation at 15,000 x g for 1 minute and supernatants were filtered
through a 0.22 um PES centrifuge filter. 600uL of chloroform was added to 1 mL
aliquots of pooled filtrate from respective media conditions and vortexed for 5
minutes. Samples were then centrifuged at 15,000 x g for 10 minutes resulting in
the formation of two distinct layers. 300 uL of the lower chloroform layer, blue in
color from extracted PYO, was transferred into a new microfuge tube and 150 uL
of 0.2 M HCl was added to acidify the solution which resulted in a change in sample
color from blue to red (Figure 2.8). Samples were then vortexed for 5 minutes and
again centrifuged at 15,000 x g for 10 minutes resulting in two distinct layers. 100
uL of the red upper layer was transferred into a 96-well plate for absorbance
reading at 520 nm with 100 uL of 0.2 M HCI used as a blank. Final PYO
concentration was calculated via the following formula including the molar

attenuation coefficient of PYO (Najafi et al., 2021):

PYO (mg/L) = As20 x 17.072

Average yield was evaluated using pure pyocyanin standards ranging from 5
ug/mL to 25 ug/mL and comparing the final calculated concentrations to those of
acidified pure standards of matching concentrations that did not undergo the

extraction protocol. The difference in final measured concentrations between
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samples of matching starting concentrations was used to calculate the percentage

of PYO recovery.

High Performance Liquid Chromatography Sample Preparation:

PA14 MMM culture aliquots were pelleted via centrifugation at 15,000 x g for 1
minute. Supernatant was collected and subjected to filtration through a 0.22 um
PES centrifuge filter. Filtrate was transferred to a 0.5 mL capacity RC 3 kDa
MWCO protein concentrator (MiliQ) and centrifuged for 45 minutes at 15,000 x g
to remove mucins from the flowthrough. Filtrate was transferred to 200 uL capacity
poly-spring inserts placed within 2 mL HPLC vials with pierceable septa tops. Vials

were sealed prior to loading into the HPLC autosampler instrument module.

Reverse Phase High Performance Liquid Chromatography:

HPLC was used to quantify concentrations of phenazines (Table 2.9). Prepared
samples were analyzed using a Dionex UltiMate 3000 HPLC system operated by
Chromeleon software (v.7.0, Thermo Fisher) comprised of compatible RS pump,
autosampler, column oven, FLD detector, RS diode array, and fraction collector
(Thermo Fisher). This instrument was equipped with an Acclaim C18 3 ym 120A°
3.0 x 1500 mm column and accompanying guard column (Thermo Fisher). Analyte
separation was achieved using a 30-minute gradient run method including a 5-
minute equilibration and consisting of 0.1% trifluoroacetic acid (TFA) and 99.9%
CH3CN mobile phases (Table 2.10) at a steady flow rate of 1 mL/min. A total of 8
ML of sample was used per run and injected into the system via the autosampler,

with a brief washing of the injection needle with 10% CH3OH before and after each
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injection. Column oven temperature was maintained at 40°C. The RS diode array
was configured to collect UV readings at the wavelengths of 370 nm with default
frequency. Pure stocks of PYO, PCA, and PCN were used to generate standard

curves for accurate quantification of phenazines in experimental samples.

Data Analysis:

Analysis of HPLC chromatograms was completed as described on page 101.
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Table 2.9 - Phenazines and their respective HPLC detection parameters.

Phenazine Abbreviation Average Standard R?
Retention Time Range (mM)
(min)

Phenazine - 1 - PCN 12.75 0.1-100 0.99

Carboxamide

Phenazine - 1 - PCA 14.75 0.1-100 1

Carboxylic Acid

Pyocyanin PYO 5.5 0.1-100 1

Table 2.10 - HPLC mobile phase gradient for phenazine detection.

Time (min) Flow (mL/min) CHsCN 0.1% TFA Curve
Equilibration
0.0 1.0 | 100% 0% 5
Start Run

5.0 1.0 100% 0%
11.0 1.0 90% 10% 5
23.0 1.0 60% 40% 5
25.0 1.0 5% 95% 5
28.0 1.0 5% 95% 5
28.0 1.0 100% 0% 5
30.0 Stop Run
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Results and Discussion

Colorimetric Pyocyanin Quantification:

To better understand the limitations of the conventional colorimetric method of
PYO quantification, | sought to evaluate the accuracy of it in the measurement of
PYO standards of known concentration. While co-occurring pigmented molecules
in chemically complex bacterial supernatants can cause interference in the
analysis of PYO at 520 nm, necessitating the use of an organic extraction protocol,
this is not a factor in the measurement of pure standards. This allowed us to forego
organic extraction and obtain absorbance values for PYO at concentrations of 5,
10, 15, 20, and 25 ug/mL. These were compared to absorbance values obtained
from standards of matching concentrations, that did undergo organic extraction, to
calculate the average yield of the extraction protocol (Figure 2.9) — a contributing

factor to overall method accuracy.

Final calculated values for the standards subjected to extraction were less than
half of the true starting concentration. Additionally, standard deviations between
replicates were high, confirming high variability in extraction yield (Figure 2.9).
Together with the limitation of this method to only quantify one phenazine species
of interest, these data confirm that the conventional colorimetric approach is a poor

option for experimental quantification of PA produced phenazines.
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Figure 2.9 - Yield of pyocyanin (PYO) standards using conventional extraction and
colorimetric quantification. Concentrations of PYO measured via liquid-liquid extraction and
colorimetric quantification (y-axis), compared to the known standard concentrations prior to
extraction (x-axis and dotted black lines). PYO yield was calculated using the difference between
values as percentage of recovery (dotted black lines).
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High Performance Liquid Chromatography Phenazine Quantification:

HPLC quantification of phenazines was accomplished using an Acclaim C18
column with a non-polar stationary phase matrix capable of separating phenazine
analytes based on polarity (Figure 2.10A). The use of PYO, PCN, and PCA
standards generated in first 4sH20 and then MMM were used to optimize the HPLC
run method parameters and validate the ability of the method to detect phenazines.
1HP standards were also tested at various concentrations and wavelengths, but
no peaks were identified. As a result, 1THP was excluded from subsequent
analyses. The final HPLC method resulted in chromatograms with clean and
defined analyte peaks and virtually no background signal (Figure 2.10B) —
properties conducive for accurate and reproducible quantification. Analyte peak

properties can be found in Table 2.9.
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Figure 2.10 — Reverse phase HPLC can be used to successfully quantify phenazines. A)
Schematic describing the basic theory behind the HPLC method employed. A C18 column with a
non-polar stationary phase is used to separate phenazine analytes based on polarity. More polar
analytes are eluted first resulting in a shorter retention time (RT), while the opposite is true for less
polar analytes. B) Composite chromatogram from finalized HPLC phenazine quantification method
displaying absorbance values (y-axis) and RTs (x-axis) of 5mM standards of phenazine-1-
carboxylic acid (PCA), phenazine-1-carboxamide (PCN), and pyocyanin (PYO) in mucin-depleted
minimal mucin media (MMM).
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In Vitro Method Validation:

While the results of the HPLC based phenazine standard detection and
quantification were promising, | sought to validate the method with experimental
samples to ensure that more complex solutions with co-occurring pigments would
not interfere with analyte peak properties. To do so, | measured phenazine profiles
of PA14 grown on MMM and the cell free supernatant of AOC. Post incubation,
clear differences in color between cultures were observed (Figure 2.11). The
MMM condition resulted in a blue culture indicative of high pyocyanin concentration
(Figure 2.11A), while the AOC condition resulted in a green culture (Figure 2.11B)
indicative of high pyoverdine concentration - a yellow-green pigment (Meyer,
2000). Presence of this pigment would likely interfere with pyocyanin quantification
via colorimetric assay. This observable difference in color provided a loose
reference for the results of HPLC quantification, as levels of pyocyanin would be
expected to be quantified in the blue MMM culture compared to the green AOC

culture.

The pooled MMM condition sample contained 358 uM of pyocyanin (Figure 2.12B)
compared to 244 uM in the pooled AOC supernatant condition sample (Figure
2.12D). Levels of PCA were likewise higher in the MMM condition (Figure

2.12B,D).

While largely successful, this HPLC analysis carries two caveats. First, PCN levels

were below the measurable concentration range — impeding its quantification
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(Figure 2.12A,C). Second, minor peak splitting of the PCA peak was observed,
likely due to an improperly maintained and conditioned column (Figure 2.12A,C).
Moving forward, both caveats can be addressed by extending the standard curve

range for the analytes and cleaning the column prior to sample runs, respectively.
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Figure 2.11 — Comparison of visual PYO profiles generated by P. aeruginosa in two different
culture media. A) Photo of replicate cultures of P. aeruginosa laboratory strain PA14 grown
aerobically in 200uL of minimal mucin medium (MMM). B) Photo of replicate cultures of PA14
grown in the 72-hour MMM supernatant of a representative anaerobic oral community (AOC) under
the same conditions.
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Figure 2.12 — HPLC quantification of phenazines produced by P. aeruginosa in different
culture media. A) HPLC chromatogram of phenazine profile produced by P. aeruginosa strain
PA14 when cultured in MMM (Figure 2.11A). B) Area under the curve (AUC) values for each
detectable phenazine corresponding to the previous chromatogram. C) HPLC chromatogram of
phenazine profile produced by PA14 when cultured in the 72-hour MMM supernatant of a
representative anaerobic oral community (AOC) (Figure 2.11B). D) AUC values for each
detectable phenazine corresponding to the previous chromatogram.
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Conclusion

In this section, | presented an HPLC based method for the quantification of PA
sourced phenazine compounds in complex bacterial supernatants. While HPLC
based phenazine analysis is not novel, this method offers a cost effective and high-
throughput alternative to other HPLC methods that require subsequent MS
analysis of LC separated analytes. This method also offers a significant
improvement in both labor expenditure and accuracy compared to the conventional

colorimetric based quantification requiring upstream organic extraction of PYO.

Our HPLC based method was optimized through the use of pure standards and
validated through the analysis of phenazine profiles generated by PA14 under two
growth conditions. While some caveats were identified, they have since been
addressed. While only carried out for the purposes of method validation, results of
this experiment already provide insight into the regulation of PA phenazines which
are generally considered to be mediated by quorum sensing and thus regulated in
a growth dependent manner. However, in this validation experiment, PA14 grew
to a significantly higher optical density (OD600 = 1.036) after 72 hours of growth
in AOC supernatant compared to MMM (OD600 = 0.372) while producing a much
lower concentration of phenazines (Figure 2.12). This suggests a growth phase-

independent mechanism of phenazine regulation.
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Abstract

Organic acids (short chain fatty acids, amino acids, etc.) are common metabolic
byproducts of commensal bacteria of the gut and oral cavity in addition to
microbiota associated with chronic infections of the airways, skin, and soft tissues.
A ubiquitous characteristic of these body sites in which mucus-rich secretions often
accumulate in excess, is the presence of mucins; HMW glycosylated proteins that
decorate the surfaces of non-keratinized epithelia. Owing to their size, mucins
complicate quantification of microbial-derived metabolites as these large
glycoproteins preclude use of 1D and 2D gel approaches and can obstruct
analytical chromatography columns. Standard approaches for quantification of
organic acids in mucin-rich samples typically rely on laborious extractions or
outsourcing to laboratories specializing in targeted metabolomics. Here we report
a high-throughput sample preparation process that reduces mucin abundance and
an accompanying isocratic reverse phase high performance liquid
chromatography (HPLC) method that enables quantification of microbial-derived
organic acids. This approach allows for accurate quantification of compounds of
interest (0.01 mM — 100 mM) with minimal sample preparation, a moderate HPLC
method run time, and preservation of both guard and analytical column integrity.
This approach paves the way for further analyses of microbial-derived metabolites

in complex clinical samples.

Key Words: Reverse Phase Liquid Chromatography, High Performance Liquid
Chromatography, Mucin, Glycoproteins, Organic Acids, Amino Acids, Targeted
Metabolomics
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Introduction

Mucin glycoproteins, the primary macromolecular constituent of mucus, range
from 1 to 20 megadaltons in size and consist of a threonine-, serine-, proline-, and
cysteine-rich polypeptide backbone extensively decorated by O-linked glycans
(Kim, et al., 1996; Hang et al., 2005; Cornfield et al., 2015) secreted by mucosal
epithelial cells, (Kim et al., 1997) mucins aggregate through the formation of
disulfide bonds and non-covalent interactions to form a hydrogel that lends mucus
its characteristic viscosity and structure (Kim et al., 1997; Sellers et al., 1989).
Mucins line all non-keratinized epithelial surfaces and are vital in the maintenance
of the ocular, oral, respiratory, gastrointestinal (Gl), and reproductive systems
(Andrianifahanana et al., 2006), as they serve a variety of barrier and innate
immunity functions (Andrianifahanana et al., 2006; Song et al., 2020). Conversely,
disruptions, modifications, or aberrant production of the mucus layer can lead to
chronic infection (e.g., CF, chronic rhinosinusitis) or dysbiotic bacterial community

assembly (e.g., in the large intestine) (McGuckin et al., 2011).

In the case of CF (CF), mutations in the gene encoding the CF transmembrane
regulator (CFTR) protein lead to ionic imbalance and accumulation of viscous,
dehydrated mucus in the airways (Ehre et al., 2014; Whelan et al., 2015). Mucus
accretion not only impairs respiratory function through physical obstruction and
eliciting inflammation, but also impairs mucociliary clearance — a vital function of
innate immunity that removes exogenous microbiota (Kurbatova et al., 2015;
Wanner et al., 1996). Ultimately, this results in the development of chronic bacterial

infection by PA, Staphylococcus aureus, and other airway pathogens, which
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further deteriorate respiratory function over time (Razvi et al., 2009; Flynn et al.,
2016). Interestingly, unlike many Gl microbiota, canonical airway pathogens
inefficiently utilize mucins as a nutrient source (Flynn et al., 2016). Instead, their
growth is thought to be supported by other host-derived nutrients and/or secondary
metabolites produced via degradation and mixed-acid fermentation of mucins by
co-colonizing bacteria (Flynn et al., 2016). Among these metabolites, organic acids
(e.g., short chain fatty acids, amino acids) are most abundant (Flynn et al., 2016;
Mirkovic et al., 2015) and are known to shape the growth, physiology, and antibiotic
susceptibility of airway pathogens (Flynn et al., 2016; Mirkovic et al., 2015; Bao et

al., 2022).

Quantification of organic acids in clinical samples and bacterial culture
supernatants is commonly accomplished by analyte separation via liquid or gas
chromatography followed by via mass spectrometry (Flynn et al., 2016; Heyen et
al., 2020). However, these workflows can be problematic for quantification of
organic acids in mucus-rich samples due to the HMW and gelling properties of
mucins. Their intrinsic properties leave mucins incompatible with many
chromatography methods as they preclude the use of 1D and 2D gel approaches
and can obstruct analytical separation columns and chromatography instruments
(Kesimer et al., 2012; Kesimer 2009). To overcome these complications, mucins
can be depleted via acid hydrolysis (Cornfield et al., 2000; Goso et al., 2017) or
organic acids can be extracted from mucin-rich samples via liquid-liquid or solid
phase extraction prior to analysis (Flynn et al., 2016; Schoemig et al., 2017).

However, extraction methods inherently result in variable reduction of target
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analyte concentrations which must be accounted for in final quantification,
introducing the potential for error and reduced accuracy. Samples can also be
outsourced to laboratories specializing in metabolomics (Moros et al., 2017), but

this approach can be low-throughput, time consuming, and cost-prohibitive.

We sought to overcome these challenges by developing a high-throughput sample
preparation approach capable of depleting mucin content with minimal impact on
organic acid concentrations. We then sought to develop a compatible HPLC
method able to separate and quantify organic acids of interest without the need for
subsequent mass spectrometry validation. Here we describe the validation of our
workflow that accomplishes these objectives and offers a high-throughput, cost-
effective method for the quantification of microbial-derived metabolites across a

range of mucin-rich environments.

Materials and Methods

Chemicals:

L-isoleucine, L-leucine, L-phenylalanine, and L-valine were purchased from Alfa
Aesar (Massachusetts, USA). L-lysine and L-proline were purchased from Sigma-
Aldrich (Missouri, USA). L-methionine and L-threonine were purchased form Arcos
Organics (New Jersey, USA). Sodium acetate, sodium pyruvate, and citric acid
were purchased from Fisher Scientific (Massachusetts, USA). Anhydrous sodium
sulfate, sodium butyrate, sodium propionate, sodium L-lactate, sodium formate,
sodium hexanoate, and methanesulfonic acid were purchased from Sigma-Aldrich

(Missouri, USA). Sodium succinate was purchased from Fluka (Neu-Ulm,
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Germany). Anhydrous acetonitrile was purchased from VWR (Pennsylvania,

USA).

All standards were prepared using the filtrate of a minimal mucin medium (see
below) run through a Pierce PES 3K MWCO 0.5 mL protein concentrator (Thermo
Scientific, Massachusetts, USA). 10 mM or 1 M stock solutions of all organic acids
were used to produce a range of standards (0.01 mM-100 mM). All standards were

filtered through a 0.22 ym PES centrifuge filter (Thermo Scientific) prior to analysis.

Media Preparation:

A minimal mucin medium (MMM) was prepared as previously described (Flynn et
al., 2016) with modifications. Briefly, type Il porcine gastric mucin (PGM) (Sigma-
Aldrich) was added to ddH-O at a concentration of 30 g/L prior to autoclaving at
121°C for 15 minutes and centrifugation at 15,000 x g for 1 h. Supernatant was
carefully removed, avoiding solids, and sequentially filtered through PES
membranes (3 um,1 um, 0.45 um, 0.22 um) (Merck Millipore, Massachusetts,
USA) using a peristaltic pump. Filtrate was transferred into 20 um regenerated
cellulose (RC) dialysis tubing (Fisher Scientific) for two, 2-hour incubations in
ddH->0 at room temperature, followed by overnight incubation at 4°C. ddH20 was
replaced between each incubation. Post dialysis, ddH2>O was added to the mucin
solution at a 1:1 ratio and was buffered with 50 mM KH2PO4 and150 mM NaCl. 1
mM MgSO4 and a vitamin and mineral mix (Tables 2.4 - 2.8) were then added to

the buffered mucin solution and filtered through a 0.22 um bottle top PES filter
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(Foxx Life Science, New Hampshire, USA). Mucin content was determined using
FPLC as described below. Complete medium was stored at -20°C for immediate

use (< 2 weeks) or -80°C for long-term storage (> 2 weeks).

Fast Protein Liquid Chromatography:

FPLC analysis was performed on a AKTA Pure instrument with compatible ALIAS
autosampler equipped with a 10/200 mm Tricorn column packed with Sepharose
CL-2B agarose gel filtration base matrix (Cytiva; Massachusetts, USA). A minimum
of 700 uLs per sample was filtered through 0.22 um PES centrifuge filters before
transfer into 2 mL crimp top glass vials with pierceable septa (Thermo Scientific).
500 uLs of each sample filtrate was injected via the autosampler and subjected to
a 48-minute isocratic run method at a flow rate of 0.4 mL/min with a mobile phase
consisting of 50 mM phosphate buffer and 150 mM NaCl brought to a pH of 7.2

using 1 N HCI (Table 2.3).

Clinical Sample Collection:

Expectorated mucus was collected from adult subjects with CF at the University of
Minnesota Adult CF Center as previously described (Flynn et al., 2016). Studies
were approved by the Institutional Review Board at UMN (IRB 1401M47262). All

subjects provided informed consent prior to sample collection.
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Cultivation of Microorganisms:

Bacterial cultivation was performed in an anaerobic chamber (Coy Laboratory
Products, Michigan, USA) containing a gas mixture of 90% N2, 5% Hz, and 5%
COs.. All media was allowed to de-gas and equilibrate in the chamber for more than
12 hours before use. Streptococcus gordonii, Prevotella melaninogenica,
Veillonella parvula, and Fusobacterium nucleatum were each maintained on Brain
Heart Infusion (BHI) agar containing hemin and vitamin K and used to inoculate 3
mL of BHI broth containing hemin and vitamin K and MMM at a 1:1 ratio. Following
a 48-hour incubation at 37°C, cultures were passaged into 3 mL of MMM and
incubated at 37°C for another 48 h before centrifugation at 10,000 x g for 2
minutes. Pellets were washed twice with MMM and used to inoculate experimental
cultures for downstream HPLC analysis. Likewise, an anaerobic microbial
community was enriched from CF mucus. To do so, 1 mL of PBS was added to a
clinical sample, mechanically homogenized, and was used to inoculate 3 mL
culture of 1:1 BHI:MMM. Following a 48-hour incubation, the culture was passaged
into 3 mL of MMM and incubated at 37°C for another 48-hour. This was repeated
for a total of four passages before the final culture was used to generate a 20%

glycerol stock and supernatant for downstream HPLC analysis.

Reverse Phase High Performance Liquid Chromatography:
HPLC was used to quantify concentrations of organic acids (Table 2.11) and
amino acids (Table 2.12). Bacterial cultures grown in MMM were first centrifuged

at 4,000 x g for 10 minutes. Supernatants were then filtered through 0.22 ym PES
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centrifuge filters. Supernatants were then filtered through a 0.5 mL 3,000 MWCO
PES protein concentrator (Thermo Scientific) to remove HMW mucins. For
analysis of raw samples, 1 mL of PBS was added to sputum before
homogenization. A 1 mL aliquot was then removed and subjected to the sample

preparation method described above.

Filtrates were analyzed using a Dionex UltiMate 3000 HPLC system operated by
Chromeleon software (v.7.0, Thermo Fisher) comprised of compatible RS pump,
autosampler, column oven, FLD detector, RS diode array, and fraction collector
(Thermo Fisher). This instrument was equipped with an Acclaim organic acid 5 ym
120A° 4.0 x 250 mm column and accompanying guard column (Thermo Fisher).
Analyte separation was achieved using an isocratic run method with a mobile
phase of 100 mM NaSOs4 (pH adjusted to pH 2.6 using CH3SO3H). This method
consisted of an 8-minute equilibration step and subsequent 24-minute static flow
at a rate of 1 mL/min. A total of 6 uL of sample was used per run and injected into
the system via the autosampler, with a brief washing of the injection needle with
10% CH3OH before and after each injection. Column oven temperature was
maintained at 30°C. The RS diode array was configured to collect UV readings at

the wavelengths of 210 nm with default frequency.

Data Analysis:
Chromeleon software (v.7.0) was used to view and process raw data. Raw

chromatograms were stacked and offsets removed to compare standard runs and
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perform an initial quality control of each run sequence. Quantitative processing
methods were created for each target analyte. The integrated Cobra Wizard was
used to gate and smooth peaks of interest on a single standard of intermediate
concentration (1-10 mM) for a given analyte. To ensure gating accuracy, each
sample was manually checked and the AUC recorded for later processing in Prism

9.0 (GraphPad). Cobra wizard was run with default settings.

Concentrator Analyte Recovery:

MMM was filtered through a 3,000 MWCO PES protein concentrator to remove
HMW mucins. The mucin-depleted flow-through was then used to prepare 10 mM
standards of organic acids (Table 1) and 1 mM standards of amino acids (Table 2)
— preventing the analytes from coming in direct contact with the filter. Identical
standards were then prepared in unfiltered MMM before being filtered through
3,000 MWCO PES protein concentrators — exposing the analytes to the filter.
Paired standards of each analyte were then run back-to-back on the HPLC using
methods described above. Chromeleon 7.0 and Prism 9.0 (GraphPad) were used
to calculate concentrations of analyte in each sample. Analyte recovery was
determined by comparison of change in analyte concentration between the two
methods of preparation. To compare filter-based analyte recovery to a more
common extraction approach, 10 mM standards of acetate, butyrate, lactate, and
propionate were first prepared in MMM before undergoing a liquid-liquid extraction

as previously described (De Baere et al., 2013).
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Analytical Column Wear:

A 10 mM standard of acetate was run on a new Acclaim organic acid (OA)
analytical column to measure analyte peak properties under ideal column
conditions. The same analytical column was then subjected to a total of 145 runs
consisting of standards, bacterial supernatants, and clinical sample supernatants,
prior to a final run of the same 10 mM acetate standard. A column cleaning protocol
was performed as recommended by the manufacturer (Thermo Fischer Scientific,
2009), consisting of flushing the column with 10 column volumes of 0.22 um filtered
ddH20, then 20 column volumes of 100% acetonitrile, then another 10 column
volumes of 0.22 um filtered ddH20O, before a final equilibration of the column with
15 column volumes of 100 mM Na?SO. (pH=2.65). Following this, the same 10 mM
acetate standard was run again. The accompanying guard column was not
replaced prior to cleaning. Data were processed and compared as described

above.
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Table 2.11 - Organic acids and their respective detection parameters corresponding to pure
standards in minimal mucin media (MMM) as determined by (HPLC).

Metabolite Classification Average Standard R? PES Filter
Retention Time Range Yield (%)
(min) (mM)

Acetate Short-chain fatty acid 3.60 0.1-100 1 99.94
Butyrate Short-chain fatty acid 17.75 0.1-100 1 96.43
Citrate Tricarboxylic acid 4.60 0.1-100 0.99 82.35
Formate Monocarboxylic acid 2.65 1-100 0.99 102.00
Lactate Alpha-hydroxy acid 3.4 0.1-100 0.99 93.61
Propionate | Short-chain fatty acid 7.30 0.1-100 0.99 91.93
Pyruvate Keto acid 2.80 0.1-100 0.99 83.94
Succinate Dicarboxylic acid 5.35 0.1-100 0.99 115.82

Table 2.12 - Amino acids and their respective detection parameters corresponding to pure
standards in minimal mucin media (MMM) as determined by HPLC.

nonpolar, aliphatic
amino acid

Metabolite Classification Average Standard R? PES Filter
Retention Range Yield (%)
Time (min) (mM)
Isoleucine Branched-chain, 5.70 0.01-10 0.99 97.70%
nonpolar, aliphatic
amino acid
Leucine Branched-chain, 6.15 0.01-10 0.99 105.57%
nonpolar, aliphatic
amino acid
Lysine Polar, positively 2.00 0.01-10 0.99 116.15%
charged amino acid
Methionine Nonpolar, aliphatic 3.90 0.01-10 0.99 79.94%
amino acid
Phenylalanine Nonpolar, aromatic 14.45 0.01-10 1 86.35%
amino acid
Proline Polar, uncharged 2.35 0.01-10 0.99 125.00%
amino acid
Threonine Polar, uncharged 2.15 0.01-10 0.99 78.56%
amino acid
Valine Branched-chained, 3.10 0.01-10 0.99 100.87%

104



Results and Discussion

Depletion of High Molecular Weight Mucins:

The size and intrinsic properties of mucin (Figure 2.13A) can interfere with most
analytical chromatography methods. Thus, we sought to develop an approach to
deplete mucins from bacterial cultures and human-derived clinical samples without
reducing concentrations of organic acids of interest. To do so, MMM was filtered
through 3k MWCO PES and RC protein concentrators and analyzed via FPLC.
Unfiltered MMM and a series of HMW protein standards (Cytiva) were used to
establish the relation between protein size (kDa) and column RT (Figure 2.13B-
C). Chromatograms shown demonstrate that full depletion of HMW mucins (peak
1, RT 5-12 min) was achieved using both filtration methods. As determined by peak
area under curve (AUC), LMW mucins (peak 2, RT 12-20 min) were reduced by
~97% and 86% by PES and RC filtration, respectively, demonstrating the efficacy
of our protocol. We then determined analyte recovery post-filtration to ensure no
significant loss of metabolite concentrations (Tables 2.11- 2.12). 10 mM solutions
of four representative analytes (acetate, butyrate, propionate, and lactate) were
also subjected to a more conventionally used liquid-liquid extraction approach for
comparison (Figure 2.13D). In each case, PES filtration resulted in analyte
recovery percentages near 100%, demonstrating improvement over standard

liquid extraction approaches.
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Figure 2.13 - Mucin glycoproteins can be efficiently depleted from mucin-rich samples via
filtration. A) Chemical structure of a mucin glycoprotein. B) Fast protein liquid chromatography
(FPLC) chromatogram conveying relative protein size and concentration of Cytiva protein
standards (left y-axis) and minimal mucin media (MMM) (right y-axis) subjected to mucin depletion
using 3k MWCO regenerated cellulose (RC) or 3k MWCO polyethersulfone (PES) protein
concentrators. Ovalbumin (43 kDa) RT = 11.55, conalbumin (75 kDa) RT 11.22, aldolase (158 kDa)
RT = 10.60, ferritin (440 kDa) RT = 9.17, and thyroglbulin (669 kDa) RT = 8.17. C) Area under the
curve (AUC) values, conveying relative protein concentration, calculated from the MMM peaks of
the FPLC chromatogram. D) Yield (mM) of 10 mM standards of acetate, butyrate, lactate, and
propionate in MMM after mucin depletion and liquid-liquid extraction.
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Quantification of Organic Acids in Mucin-Rich Specimens:

To further demonstrate the efficacy of filtration-based sample preparation, 5 mM
standards of representative organic acids (acetate, butyrate, lactate, and
propionate) in MMM were prepared and were either left untreated or depleted of
mucin via filtration through 3k MWCO protein concentrators prior to analysis via
reverse-phase HPLC. For untreated mucin rich standards, unstable baseline
readings, peak shouldering, missing peaks, and other chromatogram anomalies
were observed (Figure 2.14A), underscoring how mucins obfuscate analyte
quantification via HPLC. In contrast, resulting chromatograms of mucin depleted
standards were free from previously observed aberrations (Figure 2.14B),
indicating mucin depletion via PES filtration is sufficient sample preparation for
HPLC organic acid profiling. To further demonstrate the efficacy this sample
preparation method, a panel of 8 organic acids (3.125 mM, Table 2.11) and 8
amino acids (0.938 mM, Table 2.12) were prepared as mixed standards in mucin-
rich MMM and subjected to the full HPLC workflow (Figure 2.15A) to provide a
chromatogram containing peaks of all analytes of interest (Figure 2.15B). These
analytes were chosen based on their known generation by fermentative bacteria
of the CF airways and for their associated carboxylic acid functional groups that
enable detection at AL = 210 nm. These data confirm analyte RTs and adequate
peak separation. While there is evidence of minor peak overlap in some instances,
peaks are clearly distinguishable from one another. Subsequent analysis of

biological samples (Figure 2.16A,C,E) suggest peak overlap is less prevalent in
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practice, as biological samples are less likely to contain the high concentration of

analytes as in the artificial mixed standard (Figure 2.15B).

Further validation of the workflow was performed by analysis of various biological
samples of higher complexity than standards in a minimal medium; (i) cell-free
supernatants of CF associated bacteria (Streptococcus gordonii, Prevotella
melaninogenica, Veillonella parvula, and Fusobacterium nucleatum) grown in
MMM (Figure 2.16A,B; Figure 2.S1), (ii) cell-free supernatant of a mixed
anaerobic bacterial community isolated from CF sputum (Figure 2.16C,D), and (iii)
a mucus-rich clinical CF sputum sample from which the enrichment was derived
(Figure 2.16E,F). Each sample was analyzed using the described workflow,
including PES filtration, and concentrations (mM) of select organic acids (Table
2.11) were calculated from the chromatograms. While several amino acids were
detectable, PES filtration yields of this analyte group (Table 2.12) were variable
and over 100% in some instances. Because of this, this workflow may be better
suited for detection and relative quantification of amino acids rather than absolute
quantification. Consequently, we elected not to include amino acid analytes in the
metabolite profiles (Figure 2.16B,D,F). Data presented demonstrate the ability of
this workflow to not only quantify complex biologically derived organic acid profiles
from minimal defined medium, but also directly from bacterial cultures and complex

human-derived material.
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Figure 2.14 - Sample mucin depletion improves organic acid analyte resolution and
eliminates peak aberrations. A) High performance liquid chromatography (HPLC) chromatogram
of 5 mM standards of acetate, butyrate, lactate, and propionate in minimal mucin media (MMM)
without a mucin depletion step included. B) HPLC chromatogram of 5 mM standards of acetate,
butyrate, lactate, and propionate in MMM generated using the same run method, but with the
inclusion of a mucin depletion step using a 3k MWCO PES protein concentrator. Each standard
was run separately.
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Figure 2.15 - Reverse phase high performance liquid chromatography (HPLC) can quantify
organic acids and amino acids in mucin-rich samples. A) Schematic of Acclaim Organic Acid
(OA) column used to quantify organic acids and amino acids in samples. The largely non-polar
stationary phase matrix possesses polar inclusions that aid in the separation of analytes based on
polarity. More polar analytes are eluted more quickly resulting in a shorter retention time (RT), while
the opposite is true for non-polar analytes. B) HPLC chromatogram of a mixed standard solution of
amino acids (0.938 mM, Table 2.12) and other organic acids (3.125 mM, Table 2.11).
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Figure 2.16 - HPLC workflow allows for the quantification of organic acids in a variety of
mucin-rich sample types. A) HPLC chromatogram of supernatant generated by Streptococcus
gordonii grown anaerobically in MMM for 48 hours. B) Corresponding organic acid profile of
Streptococcus gordonii. C) HPLC chromatogram of supernatant generated by a clinical CF sputum
sample mucin enrichment grown anaerobically in MMM for 48 hours. D) Corresponding organic
acid profile of the clinical CF sputum sample mucin enrichment. E) HPLC chromatogram of raw
clinical CF sputum sample that was used to generate mucin enrichment. F) Corresponding organic
acid profile of raw clinical CF sputum sample.
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Column Integrity:

While the data demonstrate the efficacy of our sample preparation and HPLC
methods for metabolite quantification, we questioned its long-term use. More
specifically, we asked whether repeated analysis of mucin-rich samples would lead
to analytical column performance decline and/or damage over time. To ensure that
low levels of residual LMW mucins that remain after sample preparation (Figure
2.13B,C) do not significantly impact the lifespan of the column, a 10 mM standard
of acetate was measured multiple times across a run of ~150 mucin-rich samples
and standards of various types. As shown in Figure 2.17A, deterioration of peak
properties (i.e., baseline, peak width, peak height) for the acetate standard were
observed after 146 consecutive runs. However, peak properties were restored
after a completing a standard acetonitrile-based column cleaning protocol and
subsequent equilibration. AUC values of the peaks corroborate restoration of peak

resolution and area after column cleaning (Figure 2.17B).

Degradation of column retention and resolution with use is expected with any
method as HPLC analytical columns are generally consumable products.
However, data shown here affirm the sustainability of our optimized HPLC
workflow, provided the column is properly maintained. For optimal column
performance, we recommend a column wash protocol be completed after the
analysis of each individual sample set. Replacement of the guard cartridge
between sample sets of different origins (i.e., clinical samples, MMM) is also ideal.

Analysis of freshly prepared standards prior to analysis of new sample set is
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recommended to ensure accurate peak identification and concentration calculation
over the lifespan of the column. Once peak resolution is reduced and the lower
range of analyte concentrations are no longer detectable, it is recommended that

a new column be used.
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Figure 2.17 - Analytical column integrity is preserved with regular maintenance. A) HPLC
chromatogram of the same 10 mM standard of acetate prepared in mucin depleted MMM and run
using the same method as the 1%, 147", and 156" injection on a new analytical column. A column
cleaning protocol was completed after the 155™ injection before the final acetate analysis. B) AUC
values calculated from the peaks in the HPLC chromatogram.

114



Conclusion

We describe a filter-based method for depletion of mucins in clinical and laboratory
samples and an accompanying single-step reverse-phase HPLC method capable
of organic acid quantification without the need for subsequent mass spectrometry
analysis. Our data demonstrate the depletion of HMW glycoproteins, while greatly
reducing the concentration of LMW mucins. This filter-based sample preparation
method was also shown to reduce the loss of acetate (filter = 0.06% loss /
extraction = 29.0% loss), butyrate (filter = 3.6% loss / extraction = 29.4% gain),
lactate (filter = 6.4% loss / extraction = 16.8% loss), and propionate (filter = 8.07%
loss / extraction = 29.9% loss) yield when directly compared to conventional liquid-
liquid extraction techniques (Figure 2.13D). Additionally, our sample preparation
method was found to preserve integrity of the analytical column and HPLC
instrument (Figure 2.17). Using this workflow, we demonstrate the successful
quantification of organic acids derived from individual anaerobic bacteria
(Streptococcus gordonii, Prevotella melaninogenica, Veillonella parvula, and
Fusobacterium nucleatum) (Figure 2.16A,B; Figure 2.S1), a complex mucin
enrichment community derived from a clinical CF sputum sample (Figure

2.16C,D), as well as the paired raw clinical sample itself (Figure 2.16E,F).

This approach paves the way for future studies of mucin-rich samples (e.g., CF
sputum, sinus mucus) in which anaerobic microbiota are widely appreciated to
comprise a significant component of the microbiota, yet their contributions to

disease pathogenesis are poorly understood. Through mucin depletion and
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accurate quantification of their mixed acid fermentation metabolites, our approach
promises to generate greater insights into how they shape the host chemical
environment. This method has already been widely implemented within our lab and
has contributed to several manuscripts in preparation and publication. This HPLC
approach has been used to evaluate the utilization of acetate and propionate by
PA (Figure 2.S2), profile the organic acids generated from clinical sinus sample
mucin enrichments (Figure 2.S3) and investigate the impact of F. nucleatum
organic acids on S. aureus growth (Figure 2.S4). While we use the respiratory
tract as our model system, this workflow represents a high-throughput and cost-
effective method for quantification of microbial organic acids across a wide array

of mucin-rich host environments.
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High-Throughput Quantification of Microbial-Derived Organic Acids in Mucin-Rich Samples via
Reverse Phase High Performance Liquid Chromatography.
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Figure 2.81 - HPLC-based quantification of organic acids in mucin-rich cell free
supernatants derived from CF associated microbiota. HPLC chromatogram and corresponding
organic acid profile of supernatants generated by A,B) Streptococcus gordonii, C,D) Prevotella
melaninogenica, E,F) Veillonella parvula, and G,H) Fusobacterium nucleatum.
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Figure 2.82 - Increased growth of P. aeruginosa on anaerobe-derived supernatants is
mediated by acetate and propionate. A) Acetate and B) propionate concentrations generated via
mucin degradation by neutrophil elastase (NE) and an anaerobic mucin degrading consortium
(AMDC). C) Acetate and D) propionate utilization (open circles) is concomitant with an increase in
P. aeruginosa growth (ODeoo). Bars represent the mean and standard deviation of three biological

replicates.

T Reprinted from Sabrina Arif, Jeffrey Flynn, Talia Wiggen, Sarah Lucas, Alex
Villarreal, Jordan Dunitz, Ryan Hunter. Contributions of host and bacterial
mucinase activity in support of P. aeruginosa growth in the CF airways. Manuscript

in preparation.
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CHAPTER 3: In vitro Characterization of Anaerobic
Bacterial Mucin Degradation and its Impact on

Pseudomonas aeruginosa
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Summary

Tools developed in Chapter 2 overcome several technical limitations and allow for
the effective characterization of individual components of the proposed cross-
feeding model — pathogen, commensals, mucins, secondary metabolites, and
interactions between them. In this chapter, | first use metagenomic sequencing to
define the species level composition of a representative anaerobic oral community
(AOC) adept at growth on mucin as a sole carbon source and able to consistently
support the growth of PA through cross-feeding. Informed by this data, | select
representative anaerobic species and characterize their growth on mucin, ability
to degrade mucin, and ability to generate organic acid byproducts. Additionally, |
investigate the effects of both individual anaerobic species cell free supernatants
on the PA growth. While this chapter focuses on in vitro reductionist experiments
driven by putative mucin degrading anaerobic bacterial species found in the oral
cavity, its findings are relevant to my broader thesis as many of the same genera

and species identified are also found in the CF airways.
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Individual Anaerobe Metabolic Profiles and Effects of Organic Acids on

Pseudomonas aeruginosa Physiology.

Introduction

PA is a canonical pathogen of the CF airways. As previously described, it reaches
densities as high as 10’ CFU/mL in patient sputum (Palmer et al., 2005) and is
considered responsible for the bulk of patient morbidity and mortality. While it may
seem to thrive in the dehydrated mucin rich mucus that lines the CF airways, its
ability to successfully colonize, proliferate, and induce pathogenesis is reliant on
interactions between the pathogen and complex communities of co-colonizing
microbiota. As an example, PA is unable to efficiently utilize mucins as a sole
carbon source. Rather, it depends on a cross-feeding relationship with co-
colonizing anaerobic bacterial genera that are adept at the catabolism of mucin
glycoproteins (Flynn et al., 2016). This catabolism results in liberated mucin
glycans and polypeptides as well as fermentation byproducts such as organic
acids. These byproducts are not only hypothesized to support the growth of PA,
but also potentiate its virulence through regulation of biofilm formation and

phenazine production.

Of the bacterial genera associated with the mucin-based cross-feeding model,
Streptococcus, Prevotella, Veillonella, and Fusobacterium are the most commonly
identified among CF microbiota (Flynn et al., 2016; Francoise et al., 2020; Tony-
Odigie et al., 2022). Interestingly, these four genera are also abundant in the oral

cavity (Flynn et al., 2016; Caselli et al., 2020). This underscores the remarkable
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interplay, particularly in CF patients, between the oral cavity and lower airway
microbial communities. Microaspiration of oral secretions into the lower airways is
a common occurrence that affects even healthy adults but is more prevalent in
infants and children (Ficke et al., 2022). Healthy non-CF airways do not suffer from
the accumulation of viscous mucus, and consequently are able to remove
aspirated foreign bodies, such as bacterial cells, from the lower airways via
mucociliary clearance and innate immunity. These processes are disrupted in the
CF airways, leading to the accumulation of aspirated foreign bodies rather than
their removal (Kurbatova et al., 2015). This lack of successful clearance is thought
to dynamically link the oral cavity to the CF airways — with the oral cavity
functioning as an influential gateway dictating the microbial composition of the
latter. This relationship is considered to be a driving force in the initial acquisition
and succession of the CF airway microbiome in pediatric patients, conditioning
nutritional landscape and promoting subsequent colonization by CF associated

pathogens — such as PA (Muhlebach et al., 2018; Clarke et al., 2018).

The four described genera (Streptococcus, Prevotella, Veillonella, and
Fusobacterium) may also fill similar niches across environments. Streptococcus, a
prominent member of the oral microbiome (Baty et al., 2022), is most known for its
ability to degrade oral mucins (Hoeven et al., 1991; Glover et al., 2022), contribute
to dental caries, and initialize colonization of oral surfaces (Hillman et al., 1987).
High abundances of Streptococcus in CF airways also correlate with CF PEx (Scott

et al., 2019), suggesting a similar ecological role in the airways. Its ability to
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initialize colonization of surfaces and degrade mucins may support PA growth and

pathogenicity, contributing to CF PEXx.

Considering its distinct linkage and similarity to CF airway bacterial communities,
oral derived microbiota offer an easily accessible and relevant sample source for
the study of anaerobic mucin degradation and cross-feeding interactions. Here, |
capitalized on this by characterizing the bacterial composition of a representative
anaerobic oral community (AOC). Informed by these data, | selected several
representative strains of identified species to further evaluate through in vitro
growth experiments. These strains and their associated metabolites were also
studied for their ability to impact the physiology of PA. Resulting data support the
linkage between the oral and CF airway environments lend new insights into

specific bacterial interactions occurring withing the proposed cross-feeding model.

Materials and Methods

Chemicals:
A full description of organic acids used in growth experiments can be found on

page 97.

Bacterial Strains & Growth Conditions:
Anaerobic species are listed in Table 3.1. All representative species were first
cultured in 1X complete beef broth medium for 48 hours prior to being passaged

into MMM for another 48-hour incubation. Cell free supernatants of individual
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anaerobic cultures were obtained by centrifugation at 12,000 x g for 1 min followed
by filtration through a 0.22 um PES centrifuge filter. All culturing occurred at 37°C
within an anaerobic chamber (Coy Laboratory Products, Michigan, USA)
containing a gas mixture of 90% N2, 5% CO2, and 5% H>. AOC culturing was

conducted in the same chamber and described below.

Pseudomonas aeruginosa PA14 (obtained from Marvin Whiteley, Georgia Tech)
was used in these experiments. All PA14 growth experiments were completed
aerobically in a 96-well plate format. Plates were incubated in a BioTek Synergy
H1 plate reader at 37°C, with shaking at 240 rpm, and OD600 reading being

collected each hour.

Media Preparation:

Complete beef broth medium was prepared with reagents as described in Tables
21 - 2.2. MMM was prepared with reagents as described in Tables 2.4 - 2.8.
Similarly, steps for preparation of MMM follow the optimized method described on

pages 60.

Representative Anaerobic Oral Community Enrichment Generation:
AOC mucin enrichment was previously described in Flynn et al, 2016. This original
community was used to generate several 0.5 mL frozen stocks stored at -80°C.

Each individual stock can be used to inoculate up to 5 mL of MMM under anaerobic
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conditions. These cultures are used to generate more frozen stocks as needed

and may explain variability over time.

Metagenomic Sequencing & Analysis:

AOC was grown for 72 hours at 37°C under anaerobic conditions before genomic
DNA was extracted from an 800 pL aliquot using a DNeasy Powersoil kit (Qiagen,
Carlsbad, CA). Genomic DNA was submitted to the University of Minnesota
Genomics Center (UMGC) for library preparation and sequencing using lllumina

MiSeq TruSeq 2x300. A negative control sample of fresh MMM was also included.

Sequence analysis was conducted via terminal linked to Minnesota
Supercomputing Institute (MSI) servers. The KneadData (Pereira-Marques et al.,
2019) pipeline, containing Trimmomatic (Bolger et al., 2014) and Bowtie2
(Langmead et al., 2012), was used to perform initial sequence read quality control.
Trimmomatic first removed library adapters and low-quality reads. Bowtie2 then
paired reads and removed contaminating host sequences by aligning sequences
against reference host genomes. Human and porcine genomes were used as
references for sequence removal, given the origins of the microbial community and
MMM, respectively. Quality controlled reads were input to MetaPhLAn 2.0 (Truong
et al.,, 2015) — a computational tool for profiling of microbial metagenomes.
MetaPhlAn 2.0 utilizes over 1 million clade specific marker genes and over 17,000
reference genomes across several databases to profile microbial communities to

the species level. Default settings were used to generate an ASV table used as
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input for GraPIAn (Asnicar et al., 2015) to generate a phylogenetic tree. ASV

values were also used to generate a taxa plot using GraphPad Prism 9.0.

16S rRNA Gene Sequencing & Analysis:
Genomic DNA was extracted from AOC cultures using a DNeasy Powersoil kit and
subjected to next generation 16S rRNA sequencing by the UMGC. This and

subsequent analyses were performed as described on page 167.

Fast Protein Liquid Chromatography:
FPLC characterization of mucin degradation was accomplished using the

methodology previously described on pages 46 - 48.

High Performance Liquid Chromatography:
HPLC quantification of organic acids (Table 2.11) and phenazines (Table 2.9) was
accomplished using the methodology described on pages 101 and 81,

respectively.

Results and Discussion

Sequencing of a Representative Anaerobic Oral Community:

A mucin enrichment community was generated from a human saliva sample in
Flynn et al., 2016, sequenced, and subsequently used in our laboratory as a
representative anaerobic mucin degrading control. AOC has consistently exhibited

robust growth on MMM (Figure 4.2B), mucin degradation abilities (Figure 4.2C-
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D), and generation of diverse organic acids (Figure 4.4B). As a result, | sought to
define the composition of this microbial community in greater detail and investigate
the putative roles of its individual constituents in mucin catabolism and cross-
feeding of PA. To accomplish this, | first sequenced the metagenome of the
community to obtain species level resolution of its bacterial composition. Quality
control steps of sequence analysis resulted in no alignment to human or porcine
genomes — supporting the effectiveness of our methods at reducing host DNA
contamination from both sample and mucin host sources. Post-processing, a final
ASV table was used to generate a taxa plot of relative species abundance (Figure
3.1A) and an accompanying cladogram to visualize bacterial diversity (Figure
3.1B). Consistent with the initial 16S rRNA gene amplicon sequencing of AOC in
Flynn et al., 2016, Streptococcus, Prevotella, Veillonella, and Fusobacterium were
found to be prevalent genera in the community— solidifying their putative
classification as core components of anaerobic mucin degrading microbiota of the

CF airways.

Metagenomic sequencing allowed for species level resolution (Figure 3.1A-B),
and highlighted the presence of several other genera previously undetected. For
example, Solobacterium moorei is a Gram-positive obligately anaerobic bacillus
associated with human feces, dental caries, and halitosis (Barrak et al., 2020;
Pedersen et al., 2011). Irrespective of its high abundance in AOC, little is known
of the metabolism or mucin degradation abilities of this species. Conversely, the

well-characterized Bifidobacterium dentium was also identified at a low abundance
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in AOC. This species is a Gram-positive anaerobe associated with oral infections
and colonization of the intestinal mucosal lining (Ventura et al., 2009; Engevik et
al., 2019). ltis highly associated with mucins and possesses the genetic repertoire
for saccharide degradation and the generation of acetate and lactate (Ventura et

al., 2009). As a result, species were studied in further detail.

Despite exhibiting mucin catabolism and robust cross-feeding abilities, we have
observed instances of AOC cultures growing poorly on MMM, failing to degrade
mucins, and even seemingly inhibiting the growth of PA (data not shown). To better
understand the cause of this, | inoculated four individual AOC cultures from the
same frozen stock and incubated them at the same time under the same
conditions. Genomic DNA was extracted from each community and subjected to
16S rRNA gene sequencing for bacterial composition profiling. The resulting taxa
plots (Figure 3.2) displayed drastic differences in the relative abundances of
bacterial genera between each culture — despite employing identical culturing
techniques and time frames. Many of the same genera are identified across all
sequenced cultures, including the metagenomic sequenced culture; however,

abundances of each varied greatly.

While these data further support the classification of the four previously described
genera (Streptococcus, Prevotella, Veillonella, and Fusobacterium) as core mucin
degraders, they also highlight caveats to consider when using a stock community

(i.,e. AOC) as a mucin-degrading community control. It's bacterial composition,
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despite yielding consistent results, is subject to change between each culture. As
aresult, each AOC culture should be treated as a unique community and subjected
to its own sequencing and characterization. While not explored further in this
thesis, this representative community serves as unique model for the study of
colonization, ecological succession, and polymicrobial interactions within the CF

airways.

Informed by these sequencing data, representative strains of species identified in
AOC were chosen for individual evaluation of growth on mucin, mucin degradation,
and organic acids generation. Prior to characterization, each strain was analyzed
for the presence of carbohydrate-active enzyme (CAZy) sequences via the CAZy
online database (Table 3.1). While not an absolute measure of the ability of a
species to degrade mucins, species with higher counts of CAZy sequences (Table
3.1) appear to exhibit an increased capacity for mucin degradation (Figure 3.3B).
As an example, Bifidobacterium dentium is associated with mucosal layers and is
known to degrade polysaccharides. It also has over 171 sequences across 24 sub-
families belonging to the glycosyl hydrolase family of enzymes — a high number of
sequence counts compared to other species (Table 3.1). B. dentium also exhibited
the most relative degradation of HMW mucins compared to those same species

(Figure 3.3B).
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Anaerobe Growth on Mucin:

Informed by AOC sequencing data, representative species were chosen from
identified genera for in vitro characterization on MMM. MMM cultures were
incubated anaerobically at 37°C with OD600 readings collected at 24-hour time
points (Figure 3.3A). Streptococcus gordonii exhibited the most robust growth with
a final OD600 reading of 0.473 — consistent with the high CAZy sequence counts
(Table 3.1) and high relative abundance of this genus across sequenced samples
(Figure 3.1-3.2). Conversely, Veillonella parvula exhibited the least robust growth
with a final OD600 reading of just 0.04 — consistent with its nutritional preference

for amino acids and lactate rather than saccharides (Bjorkroth et al., 2020).

Post 72-hour incubation, cell free supernatants (CFS) were collected from each
culture and subjected to mucin degradation analysis via FPLC (Figure 3.3B).
Consistent with its robust growth, S. gordonii exhibited the highest mucin
degradation — followed by P. oralis. Not only did it generate a decrease in the area
under the curve (AUC) values of the high molecular weight (HMW) and low
molecular weight (LMW) peaks, but it also yielded an increase in median retention
time (RT) of the LMW peak — suggesting a measurable degrease in the average
molecular size of mucins comprising that peak. While growth data (Figure 3.3A)
predicted V. parvula to exhibit the least mucin degradation, it exhibited more
degradation of both HMW and LMW mucins compared to the better growing S.
moorei. The cause of this remains unknown, but one plausible explanation could

be ability of S. moorei to cleave and catabolize terminal sugar residues from mucin
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glycans, such as sialic acids. This ability would allow S. moorei to sustain its
nutritional requirements while reducing the impact on overall mucin species
molecular size. This ability may also provide advantages for other microbiota —
leaving glycans vulnerable to further degradation by other community constituents.
Unfortunately, little supporting data exists for this species in the literature,

underscored by its lack of CAZy database entries (Table 3.1).

Organic acid profiles generated from the same CFSs via HPLC revealed metabolic
diversity between species (Figure 3.3C). All findings appeared to be consistent
with current published literature. S. gordonii, was one of the few species to produce
detectable levels of lactate (Egland et al., 2004). While no organic acid data exist
for P. oralis, its high production of acetate and formate are consistent with what is
observed in the related P. copri (Huang et al., 2021). V. parvula, characterized by
its nutritional preference of lactate and production of propionate (Wicaksono et al.,
2020), produced no lactate but high levels of propionate. F. nucleatum, known to
produce butyrate (Wang et al., 2021), was the only species to do so. B. dentium
produced detectable levels of acetate and lactate, consistent with its pyruvate
fermentation metabolic pathways (Ventura et al., 2009). It was also the only
species to generate detectable levels of citrate. Lastly, S. moorei produced a
diverse and unique organic acid profile with high levels of propionate, lactate, and
formate. No literature currently exists on the organic acids generated by S. morrei,

making these data the first of its kind.
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Figure 3.3 — Characterization of representative mucin-degrading anaerobes. A) 72-hour
growth curves of representative strains grown anaerobically at 37°C in MMM. Endpoint OD600
readings: S. gordonii (0.473); P. oralis (0.073); V. parvula (0.04); F. nucleatum (0.136); B. dentium
(0.100); S. morreii (0.077). B) FPLC chromatograms displaying the high molecular weight peaks
(left partition and y-axis) and low molecular weight peaks (right partition and y-axis) of the same
representative strains (colored lines) post 72-hour incubation compared to a MMM non-incubated
control (black line). C) HPLC generated organic acid profiles of the same 72-hour representative

strain cultures.
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Effects of Anaerobe Cell Free Supernatants on P. aeruginosa Physiology:

Characterization of individual species grown on MMM allowed for the evaluation
of their various effects PA14 physiology — growth, mucin degradation ability, and
organic acid generation. PA14 was grown under aerobic conditions for 72-hours in
the CFSs of each anaerobic species, as well as a MMM control (Figure 3.4A). All
CFS resulted in improved growth of PA14, compared to growth in the MMM control
which resulted in an extended lag phase. S. gordonii CFS resulted in the most
robust PA14 growth, consistent with its rich organic acid profile (Figure 3.3C).
Interestingly, PA14 growth on MMM, V. parvula, and S. moorei CFSs resulted in
growth resembling a bi-phasic or diauxic growth patten. Diauxie is most commonly
observed when a bacterial culture depletes its preferred nutrient source and must
modify its metabolism to utilize a present secondary nutrient source (Chu et al.,
2016). Without further analysis or PA14 organic acid utilization, the exact nutrients
contributing to this growth phenotype remain unknown. It is worth noting that the
MMM control, lacking microbial derived organic acids, elicits the same growth

phenotype.

The impact of each CFS on biofilm formation of PA14 was evaluated via a crystal
violet microtiter assay (Figure 3.4B). The CFS of V. parvula was the only condition
to elicit a significant effect on PA14 biofilm formation — resulting in a two-fold
increase in biofilm production after normalization to culture final optical density.
Despite this striking increase, no observed patters in mucin degradation or organic

acid production by V. parvula appear to correlate with this effect. However, this
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effect is well documented in the literature, as V. parvula was previously found to
promote the development of robust PA14 aggregates and biofilm structures when
co-cultured (Pustelny et al., 2015). These data not only support that finding, but
also suggest that the observed promotion of PA14 biofilm formation by V. parvula
is not contact dependent and can be replicated by growth on V. parvula CFS. This
indicates that a signaling molecule, other than the organic acids analyzed in this
study, may play a role in this phenomenon. While not significant, growth on F.
nucleatum CFS resulted in lower PA14 biofilm formation. Butyrate has been shown
to inhibit biofilm formation in other bacterial species (Liu et al., 2022; Zhu et al.,

2022), and may play a role in this context as well.

Phenazines produced by PA14 during growth in different CFS were measured via
HPLC (Figure 3.4C). Unfortunately, due to supply chain issues imposed by the
COVID-19 pandemic, samples were pooled to ration remaining supplies —
eliminating the ability to perform statistical analysis. Nevertheless, several
interesting patterns warrant follow up experiments. For example, PA14 growth in
V. parvula and S. morrei CFSs resulted in slightly higher concentrations of all
phenazines. These were the same species that grew poorly on MMM and elicited
a bi-phasic growth pattern by PA14. Interestingly, growth on B. dentium CFS
resulted in moderate levels of PCA, but no PYO or PCN. This same phenomenon
is observed in Chapter 4 of this work — elicited by a sputum mucin enrichment
community containing low levels of Bifidobacterium. In that same dataset,

expression of phzS transcripts, responsible for final conversion of intermediates to
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PYO, was paradoxically elevated. Although no such transcript expression data
exist for this data set, the observed pattern mirrors that of what is documented in
Chapter 4 — suggesting a possible growth-independent mechanism of PA14
phenazine suppression by co-colonizing anaerobic microbiota via regulation of

phzS or the protein it encodes.
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Figure 3.4 — Characterization of PA14 grown on anaerobe cell free supernatants. A) Growth
curves of PA14 grown in anaerobe-derived cell free supernatants and a minimal mucin media
(MMM) control. Endpoint OD600 readings: MMM (0.274); S. gordonii (0.343); P. oralis (0.340); V.
parvula (0.313); F. nucleatum (0.355); B. dentium (0.353); S. morreii (0.314). B) Biofilm production
of the same PA14 cultures at 72 hours as measured by a crystal violet biofilm assay and normalized
to average end point optical density values (OD600) (n = 3; Kruskal-Wallis with uncorrected Dunn’s
multiple comparisons; * = P < 0.05; ** = P < 0.005). C) Phenazine production of the same PA14
cultures as measured by HPLC.
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Effects of Individual Organic Acids on P. aeruginosa Physiology:

To further investigate the role of microbially generated organic acids on PA14
physiology, follow up growth experiments including supplementation of MMM with
pure stocks of organic acids were implemented. The addition of organic acids (6.25
mM — 50 mM) resulted in striking differences in visual culture profiles (Figure 3.5)
— in part due to difference in pyocyanin concentrations. Other colored pigments,

such as pyoverdine, may have also contributed to these visual differences.

Aerobic growth of PA14 at 37°C over 48 hours in MMM supplemented with 50mM
of organic acids resulted in differential phenotypes (Figure 3.6A). All conditions
with organic acid supplementation resulted in longer exponential growth phases
and higher final OD600 readings compared to the non-supplemented control. This
supports the claim that PA is able to catabolize microbially produced organic acids
in our proposed cross-feeding model. Consistent with the literature, PA14 exhibited
the most robust growth when cultured in MMM supplemented with 50 mM of its
preferred carbon source — succinate (Yung et al., 2019). Interestingly, PA14
appeared to perform better in acetate supplemented MMM compared to MMM
supplemented with lactate, at odds with the claim that PA preferentially uses
lactate over acetate (McGill et al., 2021). Of the organic acids tested,
supplementation with butyrate and propionate resulted in the least robust growth
profiles, excluding that of growth in un-supplemented MMM. Again, this is
consistent with literature as neither of these organic acids are nutritionally

preferred by PA14 (McGill et al., 2021).
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Evaluation of biofilm formation of the same PA14 cultures resulted in one
statistically significant observation. As described in the previous section, butyrate
has been found to inhibit biofilm formation in other bacterial species such as
Salmonella typhimurium (Liu et al., 2022) and Vibrio parahaemolyticus (Zhu et al.,
2022). The data suggest the same may be true for PA, as growth in MMM
supplemented with 50 mM of butyrate resulted in a significant decrease in biofilm
formation. This finding carries implications in the development of novel treatments

targeting PA biofilm formation.

PA14 phenazine production in response to growth on organic acids was quantified
via HPLC. Again, COVID-19 imposed supply chain shortages required the pooling
of samples — preventing statistical analysis. However, supplementation with
butyrate resulted in moderate PCA production but decreased PYO and PCN
production. While not as drastic as the similar pattern observed in the individual
anaerobic CFS and clinical enrichment CFS (Chapter 4), this observation still
indicates the involvement of PhzS. Interestingly, growth on MMM supplemented
with formate was the only condition that elicited a notably low level of PCA. While
PYO and PCN levels are also lower, the lack of PCA suggests a causative
mechanism other than phzS regulation. PCA is upstream in the biosynthetic
pathway of PYO and PCN generation. Possible explanations for this observed
phenomenon include direct degradation of PCA or regulation of the transcription,

translation, or final products of genes upstream in its biosynthetic pathway —
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phzA1-G1 and phzA2-G2. Further. Transcriptional analyses would help to

elucidate the underlying mechanisms.
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Figure 3.6 - Characterization of PA14 grown in MMM supplemented with organic acids. A)
Growth curves of PA14 grown in MMM supplemented with 50 mM of various organic acids, as
well as a MMM control condition. Endpoint OD600 readings: MMM (0.423); Acetate (0.757);
Butyrate (0.539),; Propionate (0.596),; Lactate (0.689); Formate (0.569), Succinate (0.556);
Pyruvate (0.737). B) Biofilm production of the same PA14 cultures at 48 hours as measured by a
crystal violet biofilm assay and normalized to average end point optical density values (OD600) (n
= 4; Kruskal-Wallis with uncorrected Dunn’s multiple comparisons; * = P < 0.05; ** = P < 0.005).

C) Phenazine production of the same PA14 cultures post at the 48-hour time point as measured
by HPLC.
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Conclusion

In this chapter, | define the bacterial composition of a representative AOC mucin
enrichment that was found to perform well when grown on MMM with mucin as a
sole carbon source. Metagenomic sequencing reinforced the classification of
several genera as core anaerobic mucin degrading community components. 16S
rRNA gene sequencing of the same AOC supported this finding, but also
highlighted instability in the relative abundances of taxa across samples, despite
sharing the same culturing conditions. The wealth of sequencing data was used to
inform selection of several representative strains for further in vitro
characterization. Growth on mucin, mucin degradation abilities, and generation of
organic acids were evaluated for each strain, as were the effects of each strain
CFS on the physiology of PA14. To further minimize variables, pure stocks of
organic acids identified in bacterial CFSs were used to supplement MMM prior to
PA14 inoculation. Effects of each organic acid on PA14 growth, biofilm formation,

and phenazine production were evaluated.

Both individual anaerobe CFS and organic acid supplementation resulted in the
improved growth of PA14 compared to growth in MMM alone. V. parvula was found
to significantly increase PA14 biofilm formation, while butyrate (50 mM) was found
to significantly decrease it. The power of the phenazine findings was reduced due
to a small n of 1 resulting from the required pooling of samples. However, a
seemingly phzS dependent reduction of PYO was observed in PA14 grown on B.

dentium CFS, similar to what was observed in PA14 growth on an enrichment CFS
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in Chapter 4. Growth on formate (50 mM) was the only condition to result in a
comparatively lower concentration of PCA. Additionally, data collected from these
experiments have been used to generate detailed physiological profiles for key
species grown on mucin glycoproteins as a sole carbon source. This provides
researchers across several fields a valuable, and in many cases novel, resource
to reference when considering the interactions between mucin and their organism

of interest.

Individually, these data offer several novel avenues of research to further
investigate the regulation of PA physiology. Together, they strongly support the
overarching hypothesis of this dissertation — co-colonizing microbiota of the CF
airways impact the growth and virulence of PA via cross-feeding in vivo. Further
characterization of the proposed cross-feeding model promises future
identification of clinically relevant bacterial interactions and metabolic byproducts.
This could be an important step towards the development of novel CF PEx
treatment strategies that achieve symptom resolution indirectly by target co-
colonizing microbiota rather than PA directly — an apparent need in the field as

clinical PA strains rapidly develop multidrug resistance.
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Supplemental
In vitro Characterization of Anaerobic Bacterial Mucin Degradation its Impact on
Pseudomonas aeruginosa.
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Figure 3.81 — Characterization of S. parasanguinis grown on MMM. A) 72-hour growth curves
of S. parasanguinis compared to representative strains. All were grown anaerobically at 37°C in
MMM. B) HPLC generated organic acid profile of 72-hour S. parasanguinis culture. C) FPLC
chromatogram displaying the relative degradation of high molecular weight mucins in MMM by S.
parasanguinis over time. D) FPLC chromatogram displaying the relative degradation of low

molecular weight mucins in MMM by S. parasanguinis over time.
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Figure 3.S2 — Characterization of S. gordonii grown on MMM. A) 72-hour growth curves of S.
gordonii compared to representative strains. All were grown anaerobically at 37°C in MMM. B)
HPLC generated organic acid profile of 72-hour S. gordonii culture. C) FPLC chromatogram
displaying the relative degradation of high molecular weight mucins in MMM by S. gordonii over
time. D) FPLC chromatogram displaying the relative degradation of low molecular weight mucins
in MMM by S. gordonii over time. E) Biofilm formation of PA14 grown on S. gordonii CFS for 72

hours. F) Phenazine production of the same PA14 cultures as measured by HPLC.
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Figure 3.S3 — Characterization of P. melaninogenica grown on MMM. A) 72-hour growth curves
of P. melaninogenica compared to representative strains. All were grown anaerobically at 37°C in
MMM. B) HPLC generated organic acid profile of 72-hour P. melaninogenica culture. C) FPLC
chromatogram displaying the relative degradation of high molecular weight mucins in MMM by P.
melaninogenica over time. D) FPLC chromatogram displaying the relative degradation of low

molecular weight mucins in MMM by P. melaninogenica over time.

152



A B

14 — 8. parasanguinis r10
5.42
—— S. gordonii
—  P. melaninogenica 227
- 1.54
= ] == P oralis
. L4 °
+ — V. parvula 3
o E g — 8
Q ! F. nucleatum E
2 0.1+ T 2 I g
[a) T . . -4
(@] : B. dentium E
= . — B.longum 0.09 0.1 %
B - S. moorei
0.00 0.00 0.00 0.00
0.01 T T T T T 1 T T T T 0.01
0 12 24 36 48 60 72 Ace But Pro Suc Lac For Pyr Cit
Time (h
C ) D
2 —_ —
0 —_— MMM 300
24h
48h
159 — 72n
o 200
—
N <
% 10 §
>
s 5
I 3
100
5_
00— T T T T T 0
4 5 6 9 12 15 18
Retention Time (min) Retention Time (min)
E F
39 —200
- MMM
2.25 i
mm P oralis
149.84
150
u o
g ? 2
8 g
g 1.42 100 g
n o
& 2
3
[e] 14 E
~50
29.74
10.32 9.49
0 X

MMM P. oralis PYO PCA PCN
Figure 3.S4 — Characterization of P. oralis grown on MMM. A) 72-hour growth curves of P. oralis
compared to representative strains. All were grown anaerobically at 37°C in MMM. B) HPLC
generated organic acid profile of 72-hour P. oralis culture. C) FPLC chromatogram displaying the
relative degradation of high molecular weight mucins in MMM by P. oralis over time. D) FPLC
chromatogram displaying the relative degradation of low molecular weight mucins in MMM by P.
oralis over time. E) Biofilm formation of PA14 grown on P. oralis CFS for 72 hours. F) Phenazine

production of the same PA14 cultures as measured by HPLC.
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Figure 3.S5 — Characterization of V. parvula grown on MMM. A) 72-hour growth curves of V.
parvula compared to representative strains. All were grown anaerobically at 37°C in MMM. B)
HPLC generated organic acid profile of 72-hour V. parvula culture. C) FPLC chromatogram
displaying the relative degradation of high molecular weight mucins in MMM by V. parvula over
time. D) FPLC chromatogram displaying the relative degradation of low molecular weight mucins
in MMM by V. parvula over time. E) Biofilm formation of PA14 grown on V. parvula CFS for 72

hours. F) Phenazine production of the same PA14 cultures as measured by HPLC.
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Figure 3.S6 — Characterization of F. nucleatum grown on MMM. A) 72-hour growth curves of

F. nucleatum compared to representative strains. All were grown anaerobically at 37°C in MMM.

B) HPLC generated organic acid profile of 72-hour F. nucleatum culture. C) FPLC chromatogram

displaying the relative degradation of high molecular weight mucins in MMM by F. nucleatum over

time. D) FPLC chromatogram displaying the relative degradation of low molecular weight mucins

in MMM by F. nucleatum over time. E) Biofilm formation of PA14 grown on F. nucleatum CFS for

72 hours. F) Phenazine production of the same PA14 cultures as measured by HPLC.
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Figure 3.87 — Characterization of B. longum grown on MMM. A) 72-hour growth curves of B.
longum compared to representative strains. All were grown anaerobically at 37°C in MMM. B)
HPLC generated organic acid profile of 72-hour B. longum culture. C) FPLC chromatogram
displaying the relative degradation of high molecular weight mucins in MMM by B. longum over
time. D) FPLC chromatogram displaying the relative degradation of low molecular weight mucins

in MMM by B. longum over time.
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Figure 3.S8 — Characterization of B. dentium grown on MMM. A) 72-hour growth curves of B.
dentium compared to representative strains. All were grown anaerobically at 37°C in MMM. B)
HPLC generated organic acid profile of 72-hour B. dentium culture. C) FPLC chromatogram
displaying the relative degradation of high molecular weight mucins in MMM by B. dentium over
time. D) FPLC chromatogram displaying the relative degradation of low molecular weight mucins
in MMM by B. dentium over time. E) Biofilm formation of PA14 grown on B. dentium CFS for 72

hours. F) Phenazine production of the same PA14 cultures as measured by HPLC.
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Figure 3.89 — Characterization of S. moorei grown on MMM. A) 72-hour growth curves of S.

moorei compared to representative strains. All were grown anaerobically at 37°C in MMM. B) HPLC

generated organic acid profile of 72-hour S. moorei culture. C) FPLC chromatogram displaying the

relative degradation of high molecular weight mucins in MMM by S. moorei over time. D) FPLC

chromatogram displaying the relative degradation of low molecular weight mucins in MMM by S.

moorei over time. E) Biofilm formation of PA14 grown on S. moorei CFS for 72 hours. F) Phenazine

production of the same PA14 cultures as measured by HPLC.
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CHAPTER 4: The Impact of Clinical Bacterial Community

Composition on Pseudomonas aeruginosa physiology
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Summary

In Chapter 3, | took a reductionist approach to investigate the roles of individual
bacterial species and a more complex anaerobic oral community in the
degradation of mucin. Some species were found to potentially effectuate the
virulence of P. aeruginosa in a growth-independent manner, and follow-up
experiments suggested that organic acids may play a role. While insightful, these
data are limited in their value to elucidate the broader cross-feeding interactions at
play within the complex bacterial airway communities of the CF airways. In this
chapter, | address this limitation this by collecting clinical CF sputum samples,
characterizing their bacterial compositions, and enriching for the fractions of those
compositions capable of growth on mucin as a sole nutrient source. Utilizing many
of the previously described methods, | characterize these enrichments and their

effects on the physiology of P. aeruginosa.
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Abstract

Cystic Fibrosis (CF) is a condition hallmarked by the accumulation of mucin
glycoproteins in the airways, supporting the establishment of stable complex
microbial communities, and resulting in chronic infections by Pseudomonas
aeruginosa (PA). Despite its high rate of colonization and dense bacterial load in
vivo, PA is unable to efficiently utilize mucin, a primary biomolecule of the CF
airways, as a sole nutrient source. Rather, PA requires the presence of mucin-
degrading bacteria, also common in airways, to process mucins into more
bioavailable metabolites (i.e., organic acids). This cross-feeding relationship may
also impact the expression of PA virulence factors (i.e., phenazines and biofilm
formation), though which of these bacterial community constituents and respective

mucin degradation products impact PA growth and virulence remains unclear.

To investigate this, 16S rRNA gene sequencing was used to identify bacterial
communities of clinical CF sputum samples and their resident microbiota isolated
through mucin enrichments. An experimental pipeline comprised of growth assays
and liquid chromatography analyses was then employed to further characterize
these enrichments and their effects on PA physiology. Growth, biofilm production,
and phenazine expression of PA in response to these supernatants differed
significantly between patient samples, suggesting that airway community
composition may influence PA virulence in vivo — specifically through post-
transcriptional regulation of phzS. These data may offer potential alternative

targets for treatment of chronic CF lung infections.
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Introduction

CF is a genetic disease affecting approximately 100,000 people worldwide, with
more than 1,000 new cases being diagnosed annually (Shteinberg et al., 2021). It
is characterized by the loss of function of CF transmembrane conductance
regulator (CFTR) proteins responsible for transporting chloride ions across the
membranes of the airway epithelium and maintaining homeostasis (D’Amore et al.,
2022). Loss of chloride ion transport leads to the accretion of a viscous dehydrated
mucus layer, impairing mucocilliary clearance and ultimately leading to chronic
inflammation and bacterial infections (Robinson et al., 2002). These chronic
bacterial infections punctuate repeated periods of decreased patient lung function
known as pulmonary exacerbations (PEXx), resulting in the deterioration of lung
function over a patient’s lifetime and decreased life expectancy (Carmody et al.,

2015).

Culture-dependent techniques often identify Staphylococcus aureus and PA as
pathogens associated with chronic PEx — with S. aureus being more prevalent in
younger patients and PA becoming dominant in the late twenties of CF patients
(Hahn et al., 2021). Colonization by PA post-adolescence is associated with an
increase in the frequency and severity of PExs, making it the canonical CF
pathogen responsible for a majority of CF patient morbidity and mortality (Crull et
al.,, 2018). Notwithstanding, the nutrients that support the colonization and
persistence of PA remain poorly understood. Despite reaching densities of 10°

cells per gram of mucus (Palmer et al., 2005), PA is unable to efficiently utilize
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mucins, the primary biomolecule of the CF airways, as a sole nutrient source.
Rather, PA growth is supported via a cross-feeding relationship with anaerobic
mucin-degrading bacteria generally considered commensal microbiota of the oral
cavity (Flynn et al., 2016). In vitro, PA exhibits significantly increased growth on
cell free supernatants (CFS) of mucin-degrading bacterial communities compared
to on mucin alone, suggesting that liberation of mucin glycans and/or peptides, or
the production of secondary metabolites by mucin-degraders support the growth
of PA (Flynn et al., 2016). Organic acids (e.g., acetate, butyrate, propionate, and
lactate) are produced by anaerobic mucin-degrading bacteria via mixed-acid
fermentation and are thought to contribute to this cross-feeding relationship as they
are detected in both clinical sputum samples and the in vitro cultures of their

constituent microbiota (Flynn et al., 2016).

Phenazine-1-carboxylic acid (PCA), phenazine-1-carboxamide (PCN), and
pyocyanin (PYO) are the three primary phenazines produced by PA and are
responsible for a host of functions such as metal solubilization (Briard et al., 2015),
biofilm stimulation (Wang et al., 2011), and host-cell cytotoxicity (McGuigan et al.,
2014). They are expressed via two redundant quorum sensing regulated operons
— phzA1-G1 and phzA2-G2 (Cui et al., 2016). Interestingly, phenazine production
by PA may impacted in a growth-independent manner by their co-colonizers, as
strain PA14 produces variable levels of PYO when grown on different CF sputum
sample mucin enrichment CFS. This suggests that in addition to supporting the

growth of PA, mucin byproducts derived from co-colonizing microbiota may play a
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key role in the virulence of PA in vivo. The mechanisms underlying this regulation

remain unknown.

In this chapter, | further characterize mucin-based cross-feeding and identify
potential mechanisms behind growth and virulence regulation of PA by co-
colonizing microbiota. To do so, | first evaluated clinical sputum samples by mucin
enrichment and 16S rRNA gene sequencing to isolate and define the bacterial
community members capable of growth on mucin as a sole nutrient source. Growth
assays and liquid chromatography were then used to evaluate the ability of each
community to metabolize mucins and the metabolites they produce. CFS
generated by these enrichment communities were used as growth media for P.
aeruginosa strain PA14 so that effects on growth, organic acid utilization,
phenazine expression, and biofilm formation could be determined. Finally, the
expression of key PA virulence genes was quantified by gqRT-PCR the evaluate
the transcriptional response of PA to co-colonizing bacterial communities. The
resulting insights offer putative identification of novel regulation pathways of PA
and lay the groundwork for a better understanding of how PA behavior is shaped

by its growth environment in vivo.

Materials and Methods

Bacterial Strains & Growth Conditions:
Strain PA14 of Pseudomonas aeruginosa (Obtained from Marvin Whiteley,

Georgia Tech) was used throughout the described experimental pipeline. Prior to
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use, a glycerol stock of PA14 stored at -80°C was streaked on Luria-Bertani (LB)
(IBI Scientific, IA, USA) agar plates and incubated aerobically at 37°C for 24 hours.
Colonies from this plate were used for up to 2 weeks to inoculate overnight LB
liquid cultures for use in experiments. All PA14 growth experiments were

completed aerobically, shaking at 240 rpm at 37°C unless otherwise stated.

Media Preparation:

MMM was prepared with reagents as described in Tables 2.4 - 2.8. Similarly, steps
for preparation of the media follow the optimized method described on page 60.
Brain heart infusion (BHI) liquid media (Becton, Dickinson, and Company (BD), NJ,

USA), was used for anaerobic starter cultures.

Clinical Sample Collection & Processing:

Expectorated sputum was collected from adult subjects with cystic fibrosis at the
University of Minnesota Adult CF Center as previously described (Flynn et al.,
2016). Upon acquisition, clinical CF sputum samples were labeled, weighed,
diluted with 1.5 mLs of sterile phosphate buffered saline, and mechanically
homogenized using a 10-gauge syringe and repeated vortexing. A 1,000 pL aliquot
was collected for downstream 16S rRNA gene sequencing, a 300 uL aliquot was
collected for organic acid profiling, and a 200 uL aliquot was collected for mucin

enrichment. Remaining sample volumes were stored at -80°C. These studies were
approved by the Institutional Review Board at UMN (IRB 1401M47262). All

subjects provided informed consent prior to sample collection.
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Mucin-Degrading Community Enrichment Generation:

Directly following acquisition and processing of a CF sputum sample, 200uL of the
homogenized sample was rapidly moved into an anerobic chamber (Coy
Laboratory Products, Michigan, USA) containing a gas mixture of 90% N2, 5% Ho,
and 5% COz. The aliquot was used to inoculate 3 mL of 1:1 BHI:MMM culture that
was degassed and equilibrated in the chamber for ~12 hours prior to inoculation.
Following a 48-hour incubation at 37°C, the culture was passaged into 3 mL of
MMM and incubated at 37°C for another 48 hours. This process was repeated for
a total of four passages before inoculating a 15 mL MMM culture that was
incubated at 37°C for 72 hours. A 1 mL aliquot of this culture was collected for
downstream 16S rRNA gene sequencing, a 500 uL aliquot was used to generate
a 25% glycerol stock, a 300 pL aliquot was collected for organic acid profiling, and
the remainder was subjected to cell pelleting and filtration through a 0.22 um PES
filter to generate a cell-free supernatant (CFS) for downstream experiments. CFS

were stored at -80°C until use.

16S rRNA Gene Sequencing & Analysis:

Genomic DNA was extracted from 800 pL sputum aliquots and their respective
mucin-degrading community enrichments using a DNeasy Powersoil kit (Qiagen,
Carlsbad, CA). Genomic DNA was submitted to the University of Minnesota
Genomics Center (UMGC) for 16S rRNA gene library preparation and subsequent
sequencing of the V4 region using lllumina MiSeq TruSeq 2x300 paired-end

sequencing. Sterile MMM was also included as a control.
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Sequence analysis was conducted on 8 CF sputum samples, their subsequent
mucin enrichments, and an uninoculated MMM control. Sequence analyses,
statistical analysis, and data visualizations were performed in R Studio.
Cutadapt/4.2 (Martin, 2011) was used to remove primer sequences, with size
filtering set to 215 bp at minimum and 285 bp at maximum. DADAZ2/1.26 (Callahan,
2016) was used to trim sequences and filter for quality. DADAZ2 inferred a
parametric error model used to identify and correct sequencing errors. Reads were
dereplicated, paired ends merged, and chimeric reads removed using default
options. Genus-level taxonomy was assigned using the RDP Bayesian classifier
(Wang, 2007) and SILVA-132 taxonomy training set (Quast, 2012). Species-level
taxonomy was assigned only if an ASV unambiguously matched a sequence from
at least two of the following four databases: SILVA-132, eHOMD (Escapa, 2018),
RefSeq+RDP, and GTDB (Alishum, 2022). Species were manually assigned if two
or more databases assigned the same species. If there was an even split, where
different databases assign different species, “not applicable” was manually placed.
If there was an uneven split, the majority species assigned by the databases was
manually assigned. A phylogenetic tree was approximated by first performing a
multiple alignment using DECIPHER/2.26.0 (Wright, 2012). Phangorn/2.11.1
(Schliep, 2011) was used to construct a phylogenetic tree. Sequences without
classification at the phylum level, phyla with a total feature prevalence of less than
10, or a mean feature prevalence of 1 were removed; as were ASVs with a mean
relative abundance below 1 x 107, or at or below a prevalence threshold set to 1.

As a result of filtering, three samples and their corresponding enrichments were
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removed prior to data visualization. Of the final processed samples there were 70

ASVs of which 19 were assigned to the species level.

Fast Protein Liquid Chromatography:
FPLC analysis of mucin degradations accomplished using the reagents in Table

2.3 and the methodology previously described on pages 46 - 48.

High Performance Liquid Chromatography:

HPLC quantification of 8 organic acids (Table 2.11) was accomplished using the
methodology previously described on page 101. HPLC analysis of three
phenazines (Table 2.9) in PA14 cultures was accomplished using the methodology

previously described on page 81.

Quantitative Reverse Transcriptase Polymerase Chain Reaction:

Triplicate 0.5 mL aliquots of mucin enrichment CFS were loaded into a non-coated
48-well plate (Corning, New York, USA) and inoculated with PA14 to a starting
OD600 of 0.01. The plate was covered with a gas permeable seal (Bio-Rad,
California, USA) and incubated in a BioTek Synergy H1 plate reader for
approximately 18 hours at 37°C with orbital shaking at 240rpm. A final time point
optical density reading (OD600) was taken for each well at 18 hours. Cultures were
pipetted from each well into separate 1 mL microfuge tubes and centrifuged at
10,000 x g for one minute. Supernatants were collected for downstream organic

acid and phenazine HPLC analysis.
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Cell pellets were washed twice with PBS before RNA was extracted via phenol-
chloroform liquid-liquid extraction, as previously described (Fletcher et al., 2022).
Extracted RNA was purified and concentrated using a Clean and Concentrator - 5°
Kit (Zymo Research, California, USA) following manufacturer guidelines. Final
RNA samples were used as templates to generate cDNA via reverse transcription
using a NEB M0253S Murine Moloney Leukemia Virus Reverse Transcriptase
(New England Biolabs, Massachusetts, USA). cDNA was quantified using a
Nanodrop 3000 (Thermo Fischer Scientific, Massachusetts, USA) and stored at -

80°C until use.

cDNA was diluted 1:15 with molecular grade PCR water and used for gqRT-PCR
with primers specific to virulence related target genes (Table 4.2). SsoAdvanced
Universal Sybr green Supermix (Bio-Rad, California, USA) was used to prepare
gRT-PCR reactions according to manufacturer guidelines. Amplifications were
performed in biological triplicate and technical duplicate. Target gene expression
relative to the MMM control group was calculated using the AACt method (Livak et

al., 2001) with clpX used as a housekeeping gene.

Microtiter Dish Biofilm Assay:
Following the methods described in O’'Toole et al., 2011, 96-well plates used in
PA14 48-hour growth assays were washed, stained with crystal violet dye for 12

minutes, and decolorized with acetic acid for 12 minutes. The contents of each well
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were then transferred to a fresh 96-well plate and read at an absorbance at 520

nm in a BioTek Synergy H1 plate reader to quantify pigment intensity.

Results and Discussion

Sequencing of Sputum Samples and Mucin Enrichments:

Following the described mucin enrichment protocol, a total of eight clinical CF
sputum samples (CSS) were collected, processed, and repeatedly passaged on
MMM to enrich for the bacterial taxa adept at survival on mucin as a sole nutrient
source. Both CSSs and their respective enrichments were subjected to 16S rRNA
gene sequencing. After filtering for sequence quality, five of eight CSSs and their
respective mucin enrichments were evaluated for global differences in bacterial
composition. Principal coordinate analysis (PCoA) of the sequencing data,
revealed distinct clustering between groups, suggesting significant differences in
the bacterial community compositions (Figure 4.1A). This was further supported
by the separation of these respective clusters on the PCoA plot, underscoring the
magnitude of the bacterial diversity and distribution disparity between the two

groups.

Further analysis using a double principal coordinate analysis (DPCoA) (Figure
4.1A) revealed associations of specific bacterial taxa with each sample group
(Figure 4.1B). Particularly, the Actinobacteriota phylum was observed to cluster
more closely with CSSs, while Firmicutes clustering was found to be in closer

proximity with that of the enrichments. Other taxa formed a distinct and separate
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cluster - indicating less pronounced associations with either sample group.
Changes in the absolute abundance of genera between CSSs and their respective
enrichments (Table 4.1) confirmed this observation in greater detail — showing a
6.9% increase in Streptococcus (Firmicutes) and a 14.5% increase in Actinomyces

(Actinobacteriota) across enrichments compared to the CSSs.

Together, these data support the effectiveness of our mucin enrichment approach
that yields distinct bacterial populations differing from the original community. This
difference in population suggests those populations identified in enrichments, are
better suited for catabolism of mucin, and may play a role in the proposed cross-
feeding model. Additionally, the increase of Streptococcus and Actinomyces
abundances in the enrichments suggest these genera are adept at the direct
utilization of mucin as a sole nutrient source, or that they play a pivotal role in the
cross-feeding interactions of mucin-degrading bacterial communities. This is
consistent with prior work that identified Streptococcus spp. in mucin enrichments
and confirmed the ability of this genus to degrade mucin glycoproteins (Flynn et

al., 2016).
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Table 4.1 — Comparison of 16S rRNA gene sequencing genera read abundance percentages
between clinical sputum samples and respective mucin enrichments.

Percentage of Genera Read Abundance
Genus Clinical Enrichment
Streptococcus 19.1 26
Actinomyces 7.7 22.2
Granulicatella 5.3 18.2
Staphylococcus 15.5 2.6
Pseudomonas 15.6 0
Parvimonas 0.1 12.8
Rothia 11 0
Atopoobium 0.4 7.4
Haemophilus 7.2 0
Enterococcus 0 5.8
Lacticaseibacillus 0.1 5
Gemella 5.2 0
Leptotrichia 2.4 0
Prevotella_7 1.6 0
Fusobacterium 1.6 0
Bifidobacterium 1.5 0
Veillonella 1.5 0
Neisseria 1.1 0
TM7x 0.7 0
Porphyromonas 0.5 0
Capnocytophaga 0.5 0
Prevotella 0.3 0
Stromatobaculum 0.3 0
Mogibacterium 0.3 0
Solobacterium 0.3 0
Lachnoanaerobaculum 0.2 0
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Characterization of Mucin Enrichment Communities:

Final taxa plots of mucin enrichment community relative abundances did differ
significantly from their respective CSS (Figure 4.2A); however, they also differed
from what has been previously observed in our laboratory and current literature.
Streptococcus, Fusobacterium, Prevotella, and Veillonella are consistently the
most enriched genera on MMM (Figures 3.1-3.2) (Flynn et al., 2016). Despite
these genera being present in the CSSs, all but Streptococcus were absent in the
mucin Es (Table 4.1; Figure 4.2A). As a result of initial media contamination and
the need to repeat the enrichment protocol, this could possibly be explained as an
artifact of CSS integrity. Age of the sample, repeated freeze thaw cycles, and
prolonged exposure to oxygen may have negatively impacted the viability of

facultative and obligately anaerobic genera.

All mucin enrichment communities grew to a detectable optical density (OD600)
over 72 hours on MMM (Figure 4.2B). Notably, Enrichment 2 was found to grow
to the lowest optical density (0.44) while Enrichment 4 was found to grow to the
highest (1.56). This may be partly due to Enrichment 4 having the highest relative
abundances of Streptococcus and Actinomyces, and Enrichment 2 having neither
of these mucin-degrading associated genera present (Figure 4.2A). This is
supported by FPLC analysis of relative mucin degradation by the enrichment
communities (Figure 4.2C,D). While Enrichment 2 exhibits a decrease in the area
under the curve (AUC) of the high molecular weight (HMW) peak (Figure 4.2C), it

is the only enrichment to not cause a significant increase in the median retention
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time (RT) of the low molecular weight (LMW) peak (Figure 4.2D). This indicates
that LMW mucins are not decreasing in molecular size and suggests Enrichment
2 is comparatively less adept at mucin degradation— consistent with its poor growth
on MMM (Figure 4.2B). Conversely, Enrichment 4 exhibited the greatest impact
on both peaks (Figure 4.2C,D) - consistent with its robust growth (Figure 4.2B).
Other enrichments exhibited less reduction in the AUC of the HMW peak (Figure
4.2C) compared to Enrichment 2, but greater impacts on the AUC and RT of the
LMW peak (Figure 4.2D). This may suggest that while Enrichment 2 may be adept
at the degradation of HMW mucins, it lacks key community constituents (i.e.,
Streptococcus) that allow for subsequent degradation of LMW mucins — a process
that may be required for efficient community cross-feeding and robust growth of a

community on MMM.

Together, these five mucin enrichment communities span a wide range of bacterial
composition and performance in growth on MMM and mucin degradation. As a
result, these data led to the central hypothesis being tested: P. aeruginosa

physiology is driven by the bacterial community composition of the CF airways.
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Characterization of PA14 Growth and Virulence in Response to Enrichments:

Strain PA14 was grown on the 72-hour time point enrichment cell free
supernatants (ECFS), as well as MMM and representative anaerobic oral
community (AOC) CFS controls (Figure 4.3A). PA14 grew to the highest density
in the AOC CFS control and as expected, lowest in the MMM control. Of the
ECFSs, PA14 grew the most rapidly and to the highest density on ECFS4, which
exhibited the best growth performance in MMM (Figure 4.2B) and the most mucin
degradation (Figure 4.2C,D). Notably, PA14 exhibited a prolonged lag growth
phase when grown on AOC CFS, ECFS3, and ECFS4, even when compared to
growth on ECFS2 which exhibited poor growth performance in MMM (Figure 4.2B)
and reduced LMW mucin degradation (Figure 4.2D). These data suggest either

an inhibitory effect or a less robust nutrient pool for cross-feeding.

Interestingly, the three lag phase promoting ECFSs also resulted in a significant
reduction of biofilm formation by PA14, as measured by a crystal violent microtiter
biofilm assay (Figure 4.3B). An increase in the lag growth phase of a bacterial
culture can be caused by a variety of culture conditions, such as pH and salinity,
but is most associated with stress from suboptimal nutrient availability (Rolfe et al.,
2012; Hamill et al., 2020). However, suboptimal nutrient availability is also known
to promote biofilm formation in many bacteria, including PA, as a long-term survival
strategy (Salgar-Chaparro et al., 2020; Petrova et al., 2012). Consequently, an
increase in biofilm formation by PA14 cultures with increased lag phases would be

expected, rather than the significant reduction observed. One potential explanation
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for this observed phenomenon is dependent on the concentration of HMW mucins
rather than general nutrient availability. HMW intact intestinal mucins have been
show to attenuate PA biofilm formation in vitro (Wheeler et al., 2020). While the
three lag phase promoting enrichments exhibit adept degradation of LMW mucins
(Figure 4.2D), they also exhibit the least degradation of HMW, even when
compared to the poorly performing Enrichment 2 (Figure 4.2B,C). Conversely,
Enrichment 4 exhibited the greatest degradation of HMW mucins (Figure 4.2C)
and resulted in the highest level of biofilm formation by PA14 (Figure 4.3B).
Increased concentration of HMW mucins in ECFSs may play a role in the observed

increased lag growth phase and suppressed biofilm production of PA14.

In addition to affecting biofilm formation, PA14 growth on AOC CFS, ECFS3, and
ECFS5 also significantly impacted phenazine production (Figure 4.3C). Growth
on AOC CFS resulted in a significant increase in PCA, growth on ECFS3 resulted
in a significant decrease in PYO, and growth on ECFS5 resulted in highly
significant decreases in both PYO and PCN. PA phenazine production is generally
considered to be regulated by the LasR, RhIR, and PgsR quorum sensing systems
(Tuon et al., 2022; Venturi et al., 2006). However, recent findings suggest that
mucins and mucin-derived monosaccharides can also regulate the production of
phenazines (Hoffman et al., 2020). Despite growth to a high optical density (Figure
4.3A), two of these ECFSs resulted in suppressed PYO and PCN production.

While the underlying mechanisms of this suppression remain unclear, these data
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demonstrate a clear growth-independent regulation of PA phenazine production

by CF airway microbiota.
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Figure 4.3 — Characterization of PA14 growth, biofilm production, and phenazine expression
in cell free supernatants of mucin enrichments. A) 48-hour growth curves of PA14 in cell free
supernatants of mucin enrichments and a minimal mucin media (MMM) control condition. Endpoint
0OD600 readings: MMM (0.496); 1 (1.188); 2 (1.022); 3 (1.355); 4 (1.405); 5 (1.296); AOC (1.415).
B) Biofilm production of the same PA14 cultures at 48 hours as measured by a crystal violet biofilm
assay and normalized to average end point optical density values (OD600) (n = 3; Kruskal-Wallis
with uncorrected Dunn’s multiple comparisons; * = P < 0.05; ** = P < 0.005). C) Phenazine
production of PA14 cultures post 18 hours of incubation (RT-qgPCR cultures) as measured by HPLC
(n = 3; Kruskal-Wallis with uncorrected Dunn’s multiple comparisons; * = P < 0.05; ** = P < 0.005;

*** = P < 0.0005).
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Organic Acid Profiles and Utilization by PA14:

HPLC was used to generate organic acid profiles for CSS (Figure 4.4A) and their
respective mucin enrichments before (Figure 4.4B) and after (Figure 4.4C) PA14
growth. CSS exhibited high levels of formate, but relatively low concentrations of
other organic acids (Figure 4.4A). Enrfichments exhibited more robust yet variable
organic acids profiles (Figure 4.4B). It is known that the nutritional preferences of
PA prioritize catabolism of amino acids, followed by organic acids, and finally
glucose (McGill et al., 2021; Dolan et al., 2020). This is accomplished via carbon
catabolite repression (CCR), which is a metabolic strategy used to enhance
microbial fitness (Yung et al., 2019). Classic CCR (cCCR) is common in most
model organisms and drives a nutritional preference for glucose over organic
acids. However, in the case of PA, its nutritional preference is reversed, and
accomplished by a specific CCR strategy termed reverse diauxie (or rCCR) (Yung
et al., 2019). Of the organic acids, PA sequentially prefers succinate, lactate, and
acetate under aerobic conditions (McGill et al., 2021). This is also evident in the
organic acid profile data, as the concentrations of succinate and acetate are
reduced post PA14 growth (Figure 4.4C). Additionally, Enrichment 4 contained the
highest concentration of succinate (1.96 mM) (Figure 4.4B), which resulted in the
most robust growth of PA14 (Figure 4.3A) — likely a result of the high concentration

of its preferred carbon source.

Interestingly, while succinate and acetate concentrations were depleted across all

PA14 cultures, this was not the case for lactate (Figure 4.4C). Lactate was

182



previously shown to be preferred over acetate by PA (McGill et al., 2021), and
consequently, its concentration in media would be expected to be preferentially
depleted prior to acetate. However, in several ECFS (1, 4, and 5), lactate
concentrations increased following PA14 growth, suggesting the production of
lactate by PA14 rather than its catabolism (Figure 4.4C). The production of organic
acids such lactate is traditionally associated with anaerobic fermentation
(Moestedt et al., 2020); however, PA14 does not have a strong preference for
glucose and was grown aerobically. Lactate can also be produced as a biproduct
of overflow metabolism - a process by which partially oxidized secondary
metabolites (i.e., acetate and lactate) are secreted during the catabolism of
glucose as a means to maintain redox homeostasis (Dolan et al., 2020); however,
this phenomenon is associated with cCCR and has yet to be observed in rCCR
employed by PA (Yung et al., 2019; McGill et al.,, 2021). While glucose
fermentation and overflow metabolism are unlikely explanations for the observed
production of lactate, PA14 has been known to ferment pyruvate into lactate via
lactate dehydrogenase LdhA (Goldberg et al., 2018), for its long-term survival in
anaerobic conditions. However, this fermentation was only observed under
anaerobic conditions without the availability of nitrate respiration (Eschbach et al.,
2004). Pyruvate was measured at higher concentrations in ECFSs found to elicit
lactate production by PA14 (Figure 4.4B), confirming the substrate for this type of

fermentation was available.
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Despite this being a likely avenue for lactate production by PA14, all PA14 cultures
were grown on the same 96-well plate under aerobic conditions with vigorous and
continuous shaking — likely supporting aerobic respiration rather than less
energetically favorable pyruvate fermentation. One explanation for this observed
phenomenon could be poor aeration of cultures and depletion of nitrate, resulting
in microaerophilic conditions and spurring pyruvate fermentation. Another possible
explanation may be the detection of anaerobic community molecular signals (e.g.,
quorum sensing molecules) by PA14, signaling the potential for impending
anaerobic conditions and eliciting the preparation for those conditions via
preemptive metabolism modification. Within the context of CF, this signaling would
prove to be advantageous as the oxygen content of the CF airways is highly
variable and transient — as a result of mucus plugs and clearing events (Cowley et

al., 2015; Worlitzsch et al., 2002)
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Figure 4.4 — HPLC generated organic acid profiles of clinical sputum samples, mucin
enrichments, and PA14 cultures. A) Organic acid profiles of clinical sputum samples, B)
respective mucin enrichments (72-hour incubation), and C) PA14 cultured in the cell free
supernatants of the same clinical sputum mucin enrichments (18-hour incubation).
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RT-qPCR of PA14 Virulence Associated Genes:

RT-gPCR was performed on the same PA14 cultures previously characterized to
validate phenazine quantification data, to identify underlying mechanisms
contributing to changes in phenazine production, and to investigate the overall
effects on PA14 virulence. A panel of eight virulence associated genes were
targeted for analysis (Table 4.2) and differential gene expression was determined
relative to PA14 grown in a MMM control (Figure 4.5). Of the noteworthy results,
PA14 grown in ECFS4 was found to have lower expression of rhll compared to the
control (Figure 4.5). rhil is a component of the PA LasR quorum sensing system,
which is known to regulate virulence factors such as biofilm formation (Mukherjee
et al., 2017). The significant reduction in expression of this gene may be

associated with the drastic increase of biofilm formation observed (Figure 4.3B).

Strikingly, a significant increase in the expression of both phzG1 and phzS was
observed in PA14 grown in ECFSS5 (Figure 4.5). phzG1 encodes the enzyme for
the final conversion of chorismic acid into PCA (Blankenfeldt et al., 2004). phzS
encodes an enzyme that catalyzes the conversion of intermediates into either PYO
or 1-HP (Mavrodi et al., 2001). Observing a significant increase in these transcripts
would suggest an increase in the end product of PYO; however, the opposite was
observed. PA14 grown in ECFS5 was found to produce significantly lower
concentrations of the phenazine compared to the MMM control (Figure 4.3C).
Additionally, while phzM expression was found to also be slightly raised by this

ECFS, it's increase did not match that of phzS. This is notable, as PhzS is
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hypothesized to directly interact with PhzM in the production of PYO (Greenhagen

et al., 2008).

Post-transcriptional regulation, translational regulation, gene product (enzyme)
degradation, and mRNA negative feedback loops are all possible explanations for
this observed result. However, it is also notable that conversion of intermediates
to PYO by PhzS requires the presence of oxygen (Mavrodi et al., 2001). A lack of
available oxygen would impede the production of PYO, as observed in the
phenazine quantification of PA14 grown in ECFSS5 (Figure 4.3C). As a result, this
may elicit the upregulation of phzS in an effort to produce the phenazines, or it may
lead to the accumulation of phzS transcripts due to downregulated translation.
Future work will be required to determine the underlying mechanism of this

observation.
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Table 4.2 — Pseudomonas aeruginosa virulence associated gene information and respective
rimer sequences used in RT-qPCR.
RT-gPCR Virulence Gene Targets

Gene | Locus Predicted Product Virulence Primer Sequences
Tag Function
phzG1 | PA4216 pyridoxamine 5’- phenazine F: 5-AAACCCTCGCCGACATC-3’
phosphate oxidase | biosynthesis (PCA) | R: 5-ACAGTTCGAACAGGCAGTAG-3’
phzG2 | PA1905 pyridoxamine 5’- phenazine F: 5-AAACCCTCGCCGACATC-3’
phosphate oxidase | biosynthesis (PCA) | R: 5-ACAGTTCGAACAGGCAGTAG-3’
lasl PA1432 | autoinducer synthesis N-(3-oxo- F: 5-TGACGCACTCAGTCCTTATTAC-3'
protein Lasl dodecanoyl)-L- R: 5-AGGTGTTCTTCAGCATGTAGG-3’
homoserine

lactone quorum
sensing system

rhll PA3476 | autoinducer synthesis N-(butanoyl)-L- F; 5-GCAGCTGGCGATGAAGATA-3'
protein Rhll homoserine R: 5-GCCGTTGCGAACGAAATAG-3’

lactone quorum
sensing system

phzM | PA4209 phenazine-specific phenazine F: 5-GCGACATGGTGCTGTTCTA-3’
methyltransferase biosynthesis R: 5-GCTTCAGGTAGCTGTAHAAGTC-3'
(intermediate)
phzS | PA4217 flavin-containing phenazine F: 5-CGAACCCATCGATATCCTCATT-3'
monooxygenase biosynthesis R: 5-TATCTCGCTGCTGCTTTCC-3
(PYO & 1HP)
gscR | PA1898 quorum-sensing quorum sensing F: 5-CTGACCGCGCCTAAATATCA-3'
control repressor system regulation | R:5-GGTCGATGGATGTGTAGTCTTC-3'
ptsP PAQ337 | phosphoenolpyruvate- quorum sensing F: 5-CGTCAGGTCGACTTCCTTTC-3’
protein system regulation R: 5-ATGCAGGTAGTCGTAGAGGT-3’
phosphotransferase
PtsP
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Figure 4.5 — Differential expression of PA14 virulence associated genes in response to
mucin enrichment supernatants. RT-qPCR Log2 transformed 2-24Ct values of PA14 virulence
associated genes normalized to the values of the minimal mucin media (MMM) control condition.
(n = 3; Kruskal-Wallis with uncorrected Dunn’s multiple comparisons; * = P < 0.05; ** = P < 0.005)
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Conclusion

In this chapter, | first defined the bacterial composition of CSSs and respective
mucin enrichments (Figure 4.1; Figure 4.2A; Table 4.1) — finding Actinobacteriota
and Firmicutes to be highly associated with mucin enrichments, suggesting key
roles for these taxa in the cross-feeding dynamics of mucin-degrading bacterial
communities. Next, | characterized each enrichment by evaluating its growth
performance on MMM and its mucin degradation abilities (Figure 4.2 B-D).
Following this, | investigated the effect of each ECFS on the growth, biofilm
formation, and phenazine production of PA14 (Figure 4.3). | identified three
ECFSs (AOC, 3, and 5) that elicited a prolonged lag growth phase by PA14.
ECFSS5 also suppressed the production of PYO and PCN by PA14, despite
supporting its growth to a high final density. Subsequent RT-gPCR analysis of the
genes responsible for PA phenazine production (Figure 4.5; Table 4.2)
paradoxically revealed a significant increase in phzG1 and phzS in PA14 grown in
ECFSS5, despite decreased levels of quantified phenazines. The organic acid
profiles of the CSSs and respective enrichments before and after PA14 growth
were analyzed via HPLC (Figure 4.4). ECFSs with high levels of succinate best
supported the growth of PA14. However, several ECFSs rich in pyruvate (1, 4, and

5) elicited the production of lactate under aerobic conditions.

Of all the ECFSs, ECFS5 had the most notable impact on PA14 physiology, as it
was found to produce a high concentration of lactate, most likely via pyruvate

fermentation — a pathway that is only active under anaerobic conditions without
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nitrate. It was also found to produce decreased levels of PYO and PCN, in contrast
to high expression of phzS — encoding an enzyme that requires oxygen to catalyze
the production of PYO. Considered together, these data suggest that PA14 was
potentially exposed to an oxygen-limiting environment, despite being grown under
aerobic conditions with vigorous continuous shaking. One other possible
explanation is that detection of anaerobic bacterial community constituent
molecular signals by PA, may signal impending anaerobic conditions and spur
preemptive metabolic shifts accordingly — providing a fithess advantage. This
remains to be explored and the mechanisms underlying this potential phenomenon
remain unknown. Follow-up experiments measuring the expression of lactate
dehydrogenase LdhA in relation to aerobic lactate production, and Western blots
quantifying PhzS in relation to increased phzS transcripts may help better explain

the observed results.

Together, these data support the initial hypothesis that the composition of co-
colonizing microbiota can impact the growth and virulence of PA via growth-
independent mechanisms. While this work was completed in vitro, its support of
this hypothesis has many in vivo implications on the current paradigms
surrounding chronic bacterial infections and PExs of CF patients. These results lay
the groundwork for follow-up studies aimed at identification of the underlying
mechanisms of phenazine suppression in PA — a promising pathway to the

identification of CF PEx biomarkers and alternative treatment targets.
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CHAPTER 5: Conclusion
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Summary of Research

The primary objective of this thesis was to further investigate the general cross-
feeding model proposed by Flynn et al., 2016, in which P. aeruginosa (PA) growth
and virulence within the cystic fibrosis (CF) airways is potentiated through cross-
feeding interactions with co-colonizing, anaerobic, mucin-degrading bacteria. To
do so, | employed a combination of experimental approaches relying on
sequencing, liquid chromatography, and classical microbiology techniques.
Altogether, data generated throughout this thesis revealed new insights into the
putative niches of individual bacterial genera in both the proposed cross-feeding

model and the larger context of the CF airways.

In Chapter 1, | provided background on the epidemiology, etiology, and
pathophysiology of CF. | defined mucin glycoproteins as a major macromolecular
component of airway mucus and expounded on the role of mucus in the promotion
of airway blockages and chronic bacterial infections in the CF airways. | continued
by describing several bacterial genera (Streptococcus, Prevotella, Veillonella, and
Fusobacterium) commonly identified in CF sputum samples and associated with
mucosal environments — suggesting their capacity for mucin catabolism. |
conveyed the significance of these genera by describing the canonical CF airway
pathogen PA and providing evidence for its reliance on their mucin degradation
byproducts (i.e., organic acids) for growth. Considering this information, |
described a modified cross-feeding model (Flynn et al., 2016) in which the pristine

airways of infants and young children with CF are colonized by aspirated oral
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bacteria, ultimately developing into complex communities that modify the
nutritional landscape of the airway environment over time. | propose that niche
modification by these communities prime the airways for subsequent colonization
of PA. | concluded this section by suggesting impacts on PA virulence (i.e.,
biofilms, phenazines) in vivo by this cross-feeding model and reiterating the

importance of its continued study.

In Chapter 2, | described several experimental limitations that impede the
characterization of individual cross-feeding model components. The first being the
lack of a standardized high-throughput method for the evaluation of mucin
glycoprotein degradation. While enzyme-linked immunosorbent assays (ELISA)
can be used to quantify core mucin components, this method has many caveats.
Building upon current fast protein liquid chromatography (FPLC) protocols in our
laboratory, | optimized and validated a high-throughput method for the relative
quantification of high molecular weight (HMW) and low molecular weight (LMW)

mucins.

A second limitation is the lack of a pure defined minimal mucin medium (MMM) to
evaluate bacterial mucin catabolism in vivo. While our laboratory already used one
formulation of this medium, it was found to contain variable traces of organic acids
and was prone to contamination as an artifact of its generation protocol. Using this
protocol as a starting point, | developed an optimized approach which resulted in

an improved MMM — exhibiting reduced batch effects, increased HMW mucin
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concentration, increased average mucin molecular size, and elimination of trace

organic acids.

The last limitation addressed was the lack of accurate, affordable, and high-
throughput methods for the quantification of organic acid derived from bacterial
mucin fermentation, and phenazines produced by PA. Conventional organic acid
quantification is accomplished through liquid-liquid extraction of analytes and
subsequent liquid chromatography — mass spectrometry. This is a laborious and
costly multi-step methodology. Conventional phenazine quantification is
accomplished through liquid-liquid extraction of analyte and subsequent analysis
via colorimetry. This method is laborious, inaccurate, and limited to the
quantification of only one phenazine species — PYO. In both cases, methodologies
are further complicated by the inclusion of large mucin glycoproteins. | address
these limitations first by describing a filter-based sample preparation method
capable of depletion of over 97% of mucins in a sample. | then present two
independent high performance liquid chromatography (HPLC) methods for the
accurate, cost effective, and high-throughput quantification of organic acids and
phenazines, respectably. Method optimization data were also presented to support
the effectiveness of each method, and finalized methods were validated through

the analysis of experimental in vitro bacterial cell free supernatants (CFS).

Using tools developed in the previous chapter, in Chapter 3 | identify key bacterial

species of the cross-feeding model, characterize their physiology when grown on
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mucins and evaluate the impact of their CFSs and respective individual organic
acids on PA growth and virulence. Metagenomic and 16S amplicon sequencing
were used to define the bacterial composition of a representative anaerobic oral
community (AOC). Several genera were identified (Streptococcus, Prevotella,
Veillonella, Fusobacterium, Bifidobacterium, and Solobacterium) and
representative species of each were selected for characterization on MMM.
Bifidobacterium was found to best degrade HMW mucins, support the growth of
PA, and suppress its production of PYO and PCN — suggesting a role as an initial
colonizer and primary mucin degrader in the cross-feeding model (Figure 5.1).
Streptococcus was found to best degrade LMW mucins and support the growth of
PA — suggesting a role as a secondary mucin degrader (Figure 5.1). Veillonella
and Solobacterium were found to lack robust mucin degradation abilities and
poorly support the growth of PA, while also eliciting increased biofilm and
phenazine production. Together, these data detail several specific cross-feeding
interactions that may commonly occur and underscore their stepwise fashion

(Figure 5.1).
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Follow up experiments evaluated the effects of individual microbially produced
organic acids on PA growth and virulence. PA growth on MMM supplemented with
50 mM of each organic acid resulted in variable culture coloration. Succinate,
lactate, and acetate, respectively, were found to best support the growth of PA —
consistent with the reverse diauxie carbon catabolic repression strategy of PA
(McGill et al., 2021). Of all the organic acids, supplementation with butyrate
resulted in the largest impact on PA virulence — drastically suppressing biofilm and

pyocyanin production.

In Chapter 4, | evaluated the impact of clinically derived mucin-degrading bacterial
communities on PA physiology. Sputum samples and mucin enrichments were
subjected to 16S amplicon sequencing to define their bacterial community
compositions. FPLC analysis of mucin degradation confirmed a wide range of
mucin degrading abilities across enrichment cultures. HPLC analysis of organic
acids confirmed the same, identifying diverse organic acids profiles. Interestingly,
when grown aerobically on enrichment cell free supernatants (ECFS), some PA
cultures produced high concentrations of lactate indicative of pyruvate
fermentation. All community CFSs supported the growth of PA compared to growth
on MMM alone; however, ECFS5 profoundly impacted PA virulence through the
suppression of biofilm, PYO, and PCN production. Follow up analysis found a
significant increase in phzS transcripts suggesting potential post-transcriptional

regulation, translational regulation, or gene product degradation.
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Future Directions

The tools and techniques developed in Chapter 2 offer great value not only to the
future directions of the presented work, but also to the CF field at-large. As
conveyed in the Chapter 2 Supplement, my HPLC organic acid quantification
method has already been used to generate data for multiple projects within our

own laboratory and external collaborators (in press; data not shown).

Cumulative results of Chapters 3 and 4 identified several novel avenues of
research moving forward, the first being continued characterization of cross-
feeding interactions between anaerobic bacterial community constituents. While
data generated in Chapter 3 profiled organic acids generated by individual species
of airway microbiota grown on mucin, there was no experimental characterization
of interactions between each of these species. Informed by the organic acid
profiles and current literature, specific cross-feeding interactions between species
could be inferred (Figure 5.1); however, greater resolution will be required. My
HPLC organic acid detection method can be paired with in vitro co-culturing,
sequential culturing, and CFS culturing of these individual species to achieve
increased resolution of their metabolic interactions. The outcome would directly
address the current gap in knowledge pertaining to bacterial community
metabolism in mucin associated environments such as the oral cavity,

gastrointestinal tract, and airways.
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In Chapter 4, PA14 was observed to produce considerable concentrations of
lactate when grown under aerobic conditions in ECFSs with high levels of acetate
and pyruvate. While PA14 is known to produce lactate, it is only known to do so
through the fermentation of pyruvate by LdhA (Goldberg et al., 2018) under fully
anaerobic conditions and without the presence of nitrate for anaerobic respiration
(Eschbach et al., 2004). Data suggest this may be a strategy for long-term survival
in anaerobic environments or environments with turbulent rapidly shifting oxygen
gradients (Eschbach et al., 2004) — like the CF airways (Cowley et al., 2015).
Considering the current literature, PA14 producing lactate under aerobic
conditions is unusual. As described, one possible explanation is the detection of
anaerobe-derived metabolites (e.g., quorum sensing molecules) by PA that may
signal the potential for impending anaerobic conditions and elicit the preparation
for those conditions via preemptive metabolism modification by PA. Follow up
experiments using CFS and similar concentrations of pure organic acids to
replicate the observed lactate generation phenotype would be the next logical step
towards investigating this phenomenon. Differential expression analysis of PA
genes associated with general metabolism regulation and lactate metabolism (i.e.,
IdhA, lldA, IldD, IIdE) (Goldberg et al., 2018) under lactate producing conditions
may shed light on underlying mechanisms responsible for lactate production under
seemingly aerobic conditions. Further research on this topic promises the potential

for novel insights into co-colonizing community regulation of PA within CF airways.
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A final avenue of future research focuses on the regulation of phenazine
production by PA14. In both Chapter 3 and Chapter 4, microbially generated CFSs
were found to elicit a significant suppression of PYO and PCN production by PA14.
In both cases, PCA production remained unaffected, and the observed phenotype
could not be recreated by growth of PA14 on MMM supplemented with organic
acids. Subsequent analysis of differentially expressed PA virulence genes, in one
of the two PA14 cultures exhibiting this phenotype, identified a significant increase
in phzS transcripts. The product of phzS catalyzes the final conversion of
intermediates in PYO and 1-HP, and requires oxygen to do so. Observing an
increase in its transcripts would suggest an increase in final PYO concentrations,
rather than the significant decrease observed. Similar to the previously described
observation of PA14 production of lactate, this phenomenon would also be more
easily explained if PA14 had been grown under anaerobic conditions as the lack
of oxygen would inhibit the enzymatic activity of PhzS. Follow-up experiments
aimed at replicating the observed phenotype and quantifying PhzS via Western
blot, in addition to quantification of its transcripts via RT-qPCR, are the next steps
in elucidating the underlying mechanisms of this putative PA phenazine regulation
by co-colonizing microbiota. Confirmation of such regulation would provide an
invaluable alternative target for the development of novel CF therapeutic

strategies.
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Concluding Remarks

While highly effective modulator therapies like Trikafta have led to monumental
improvements in CF patient lung function, quality of life, and life expectancy,
chronic infections by rapidly developing multi-drug resistant bacterial strains
remain an ever-present challenge. As the efficacy of our front-line antibiotics
diminish, identification of novel therapeutic targets through both basic and
translational research strategies remains paramount. CF and similar conditions
resulting in polymicrobial infections are complex and difficult to impactfully study
with even the most stringent reductionist strategies. The polymicrobial cross-
feeding model proposed by Flynn et al., 2016, and further characterized in this
thesis, offers a valuable tool for the study of complex bacterial community
interactions applicable across a variety of research fields. It is my hope that the
tools developed, and the conclusions inferred in this thesis, also provide value

across such fields.
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Appendix A: Draft Genome Sequence of Scheffersomyces spartinae

ARV011, a Marine Yeast

T Reprinted from Journal of Medical Microbiology. Alex R. Villarreal, Danielle E.
Campbell, Shanice S. Webster, Ryan C. Hunter. “Draft Genome Sequence of
Scheffersomyces spartinae ARV011, a Marine Yeast” © American Society for
Microbiology. Originally published in Microbiology Resource Announcements
2021 Novermber 11;10(45):e0065221. DOI: https://doi.org/10.1128/MRA.00652-
21
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Abstract

We report the draft genome sequence of Scheffersomyces spartinae ARV011,
which was isolated from the Great Sippewissett Marsh in Falmouth,
Massachusetts. Sequencing was performed using the lllumina NovaSeq 6000

platform, yielding 7,598,030 read pairs 250 bp in length. This resulted in a total

draft genome size of 12,132,557 bp.
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Announcement

Previously assigned to the genus Pichia on the basis of phenotypic traits such as
the ability to form ascospores, the species spartinae was assigned to its current
genus Scheffersomyces in 2010 after large-subunit (LSU) rRNA (D1/D2) and
small-subunit (SSU) rRNA gene sequencing provided support for its reassignment
(1). Assignment of Scheffersomyces spartinae to its current genus remains
controversial because of poor bootstrap support and, unlike other members of the
genus, its inability to efficiently ferment d-xylose to ethanol (1, 2). However, S.
spartinae is known to produce coenzyme Q9, fostering interest in the species for
its potential biotechnological applications (1). The lack of sequenced S.

spartinae genomes has limited progress in this area.

S. spartinae ARV011 was isolated from marine water and sediment collected from
the Great Sippewissett Marsh in Falmouth, Massachusetts. The sample was
composed of brackish water, sediment, plant matter, and macroscopic
photosynthetic microbial aggregates known as “pink berries” (3). Microbial
enrichment from this sediment was performed using yeast extract-peptone-
dextrose (YPD) broth containing antibiotics (11 upg/ml carbenicillin, 25 ug/ml
chloramphenicol, and 10 ug/ml tetracycline), with incubation at 30°C for 48 h prior
to culture on YPD agar. An isolate of interest, based on the microscopic
appearance of enlarged vacuoles containing fast moving volutin or “dancing
bodies” (4) (Fig. 1), was selected for further characterization. Following overnight
culture in YPD medium, genomic DNA was extracted using the Quick-DNA

bacterial/fungal miniprep kit (Zymogen). Initial identification of the isolate as S.
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spartinae was performed by Sanger sequencing of the internal transcribed spacer
(ITS) region using the primer set ITS1-30F/ITS1-217R (5) and analysis via
BLASTn against the standard nonredundant nucleotide database (6). Both the
forward and reverse sequences best matched the same S. spartinae ITS and
ribosomal subunit sequence (GenBank accession number KY105354.1), with the
forward and reverse sequences exhibiting 98.94% and 99.20% identity,
respectively. The same DNA extract was used to prepare a paired-end lllumina
library using the TruSeq DNA PCR-free kit. Sequencing was performed using the
lllumina NovaSeq 6000 platform, yielding 7,598,030 read pairs. Quality control was

completed using KneadData v0.7.6 (https://github.com/biobakery/kneaddata), a

wrapper for FastQC (7), Trimmomatic (8), and Bowtie2 (9), all with default settings.

After quality control, 6,975,482 high-quality read pairs remained.
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Figure 1 — Bright-field microscopy of isolate ARV011 at x1,000 magnification.
Yeast isolate cells ranged from 4 to 10 ym in size, while the intracellular granules
(white arrows) within enlarged vacuoles ranged from 1 to 2 um in size.
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Adapter-free and quality-filtered sequences were assembled de novo using the
SPAdes genome assembler v3.10.0 with default settings and no additional pipeline
options (10). The resulting assembly graph was visualized via Bandage v0.8.1 (11)
using default settings, which resulted in a total of 646 contigs (nodes), 858
connections between those contigs (edges), 19 dead ends, an Nso value of
375,049 bp, a GC content of 38.39%, and a total length of 12,201,803 bp, including
overlaps. Annotation through NCBI estimated a draft genome size of
12,132,557 bp, with 103 contigs and 165 scaffolds. BLASTn was used via
Bandage to reconfirm the isolate identification as S. spartinae, finding a 100%
identity match to the published S. spartinae ATCC 18866 (12) partial 18S rRNA
gene (GenBank accession number HQ876044.1) and a 100% match to the D1D2
region of the 26S rRNA gene (GenBank accession number HQ876052.1). Gene
prediction and functional annotation were performed using default settings with
Funannotate v1.8.1, a software package for gene prediction, annotation, and
comparison of small eukaryotic genomes (13). Through Funannotate, Augustus,
Augustus HiQ, GlimmerHMM, and snap identified a total of 14,401 genes. Also
through Funannotate, Diamond mapped 550,947 proteins to the isolate genome,
and 2,014 final alignments were made via Exonerate. Default databases were
used for identification of genes and proteins. The full list of databases used and
their version numbers are associated with the default settings of Funannotate
v1.8.1. Functional annotation completeness was estimated to be above 89.6%
using BUSCO v3 (14) run in protein mode and 91.3% run in genome mode with

the Ascomycota lineage and Saccharomyces cerevisiae species as references.
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These data suggest that a nearly complete genome sequence was obtained
for Scheffersomyces spartinae ARV011, which serves as a valuable resource for

future studies of this organism.
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