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ABSTRACT

Microbes are ubiquitous in the biosphere and play important roles in natural
ecosystems. They are typically present as diverse, complex communities, and in humans
these communities are present on all exposed surfaces and mucosal tissues. The human
upper respiratory tract harbors a complex microbiome and the composition includes what
are traditionally considered commensal organisms, including a significant proportion of
anaerobic bacteria. It is generally assumed that most of the bacteria from any particular
environment cannot be readily cultivated, including the human microbiome. Some in
vitro microfluidic and in vivo models are available to study the airway microbial
communities, however these methods are expensive, limited and are not practical for
experiments manipulating the community. A robust culture-based approach that can
propagate these polymicrobial communities has been developed in this study to
investigate spatial-temporal changes in bacterial populations in vitro. Matrix embedded
synthetic bacterial communities, comprised of aerobes and anaerobes, were cultivated in
continuous flow cell systems. The structure of communities propagated in these systems
was compared to those in static and shaken batch cultures. The data shows that
reproducible stable bacterial communities can be propagated with these culture methods,
however the community composition varies considerably with the approach used. Only
matrix embedded communities, cultured under continuous flow conditions, could
successfully retain obligate anaerobes when flow cell systems were operated in an aerobic
environment. This optimized method was used for culturing complex and diverse natural
communities from clinical samples (sputum). The majority of bacteria present in the
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original sample were recovered in flow cell cultures and the methodology was consistent.
This study provides an experimental system that can be used for examining microbial

community dynamics and community structure-function relationship.
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CHAPTER 1: INTRODUCTION

1.1 Polymicrobial communities

Microorganisms are ubiquitous, thriving in all types of natural environments on
earth usually as members of diverse and complex microbial communities'. The majority
of the phylogenetic diversity on earth is microbial and only about 5000 of noneukaryotic
organisms and between 0.1% and 1% of the total bacterial species have been
characterized, most of which cannot be readily cultivated'>. The human microbiome
(totality of microbial genes and genomes) is comprised of complex communities in
various body sites and these habitats are diverse*®. The number of microbes living on and
inside the human body is 10 times higher than the total number of human cells, where the
genes and metabolic features of both human and microbes together impart characteristics
of a ‘supraorganism’ to humans™°.

Some of the major body sites that have been characterized using both culture-
dependent and culture-independent techniques include: gut, vagina, mouth and skin®. The
polymicrobial communities are dynamic but stable over time, however the proportion of
bacterial species that constitute the temporal ‘core microbiome’ of a body site is low and
these communities are inhabited by transient members at different times’. The overall
diversity in a community can be guided by biological interactions with the invading
species, which can determine whether or not the community remains stable and have a

corresponding effect on overall ecosystem health® ® °. Higher diversity could either
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10-12 ~
. Furthermore, microbe-

increase or decrease the function of the ecosystem
host/environment interactions also play a very important role in the community structure
(composition) and stability by keeping a check on the invading organism and defining its
potential for pathogenicity®.

A multitude of microbe-microbe interactions can occur amongst the members of
these complex communities where both intra- and interspecies interactions are taking
place via the exchange of chemical and physical signals". These interactions can be
passive or active, for example, competition for common resources (passive) and the
release of secondary metabolites like bacteriocins to directly inhibit neighbouring
individual cells/cell populations (active)"’. Experiments to understand the nature of these
interactions reveal some very fascinating properties. Quorum sensing is an example of
cooperative behaviour within bacterial populations, where perception of extracellular
signals and corresponding response occurs in a concentration dependent manner'*™'’.
There are instances when mutants which are adapted to being more fit when present as a
minority can arise within actively multiplying populations and consume nutrients from
the surrounding environment at a very fast rate'*. For example, social cheating within
cooperative microbial communities arises where these social cheaters exploit common

13, 14 s . .
319 Syntrophic interactions involve

goods without making any contribution themselves
two or more microbes that metabolize a common resource in which the metabolic steps of

the pathway are carried out by different bacteria’’. An example where physical

interactions have been shown to play a role in influencing the structure of the community
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is the oral microbial community. Some members of this community thrive more

successfully when isolated as co-aggregated colonies in culture from oral biofilms'
1.2 Airway polymicrobial communities

1.2.1 Airway microbiota in health and disease

The airways (upper respiratory tract (URT) and lower respiratory tract (LRT))
harbor diverse microbial communities and its microbial diversity is comparable to that of
other body sites like the gastrointestinal tract, skin and oral cavity'®. Different
(nasopharynx, oropharynx, lungs) sites in the airways harbor distinct microbial
communities. The nasopharynx is dominated by the members of phyla Firmicutes,
Proteobacteria, Bacteroidetes and Actinobacteria, whereas Bacteroidetes is the most
abundant phylum found in the oropharynx'®'®. It is noteworthy to mention that obligate
anaerobes like Fusobacterium spp. and Prevotella spp. are prominent and key members
of the respiratory tract microbiome'’. Nasopharynx in healthy individuals is also
sometimes colonized by potential pathogens like Streptococcus pneumonia, Haemophilus
influenzae, and Moraxella catarrhalis where colonization usually occurs during
childhood. A lot of factors contribute towards the increased risk in carriage of such
potential pathogens and have been extensively reviewed elsewhere'’. Previously, the LRT
was regarded as a sterile site and there are still conflicting views regarding its sterility.
Charlson et al. demonstrated the presence of bacterial sequences in bronchoalveolar
lavage samples obtained from healthy subjects where it was observed that the biomass in

the lungs was very low as compared to the URT. They concluded that the bacterial
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species present in the lungs are either acquired as a consequence of microaspiration or are
carryovers from bronchoscopes during sampling procedures, thereby being mostly
transient'®. However, other studies support the existence of a distinct lung microbiome
with members of the phyla Firmicutes, Proteobacteria and Bacteroidetes being most

20-22
abundant®

. Repeated sampling and monitoring microbial community dynamics over
several time points has confirmed the overall temporal stability of airway polymicrobial
communities'®. It can be argued that a community inferred by sequencing does not
necessarily imply a viable community. Charlson et al. surveyed a population of 62 adults
comprising both smokers and non-smokers, and a key outcome of the study was that the
airway microbiota in smokers showed more diversity where specific bacterial groups (a
marked increase in numbers of Gram positive anaerobes) were significantly altered by
smoking'®. Therefore, environmental factors can also play a pivotal role in microbial
community structure, behavior and function. What is lacking is an understanding of the
biological function of these microbial communities in both healthy and disease states.

The microbial community composition in airway diseases like asthma, chronic
obstructive pulmonary disease (COPD) and cystic fibrosis (CF) is polymicrobial and
changes in composition have been implicated as drivers of exacerbations and airway
inflammation. Community structure is disturbed in asthma and COPD, and colonization
with bacterial groups like Haemophilus spp. during early childhood has been linked to an
increased risk of development of chronic airways diseases and infections later in life'’.

CF 1is a classic example of a polymicrobial infection in which the lower airways become

more vulnerable and the successful colonization of pathogens more probable, which can
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culminate into chronic LRT infections™ **. CF airway microbiome is a very dynamic
ecosystem and the community architecture of this system varies with clinical status of the
disease™ *°.

Although principal pathogens like Pseudomonas aeruginosa, Burkholderia spp.
and Staphylococcus aureus have always been implicated in CF airway infections, recent
studies have shed more light on the role of oropharyngeal flora (OF) in CF emphasizing
the need for adoption of a holistic approach by investigating polymicrobial communities
in airway diseases®’. The detection of anacrobic bacterial groups in CF sputum samples
has suggested the important role of these organisms in CF airway microbiology by
causing changes in the overall microbial community structure and dynamics>* *°. The
presence of anaerobes in CF (Prevotella spp., Veilonella spp., Fusobacterium sp.) has
made effective treatment even more challenging as a majority of anaerobes are not

recovered by standard clinical microbiology protocols®®>2.

1.2.2 Characterizing the airway microbiota

Current knowledge of the microbial community composition of airways in healthy
and disease states originates primarily from extensive 16S ribosomal RNA gene sequence
analysis® **. Diagnostic clinical microbiology methods have primarily been designed to
select for known pathogens®”*> . These methods underestimate the diversity of bacteria
present in most samples. Devising new cultivation methods and incorporating changes to
existing culture protocols can increase the number of bacterial groups that can be
recovered with culturing alone to a great extent. Sibley ef al. demonstrated that a majority

of the CF airway microbiome is culturable”’. By including a range of different growth
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conditions in the culture protocols and applying molecular techniques to reveal the
composition of the resultant culture enriched microbial community, it was shown that
84% of the bacterial groups detected in the original sample can be recovered in culture®’.
Based on the aforementioned study, it becomes evident how a change in approach can be
effective in capturing the complexity of the airway microbiome with culture-based
methods in vitro. Our understanding of the biology and behavior of complex communities
in airways will improve significantly by conducting studies that can potentially capture
the microbial diversity of airways in experiments in vitro, and provide an experimental

system to study community dynamics and function.
1.3 Methods for cultivating polymicrobial communities

1.3.1 In vitro and in vivo models utilized in investigation of oral microbiota

Over the past few years researchers have used several in vitro and in vivo methods
in an attempt to better understand the microbial community architecture, spatial
organization of species within the community, whole community function, role of
environmental factors and community-host interactions. Studies on oral microbial
communities have contributed significantly to our understanding of the role of natural
microbial communities in health and disease®” **. Batch cultures, continuous cell cultures
(chemostats and flow cells) and in vivo rat models have been utilized to investigate
interspecies interactions operating in complex dental microbial communities which can
harbor >500 species™. Batch cultures have been used as a method for studying the

physiology, metabolism, production of virulence factors, and interactions in bacterial
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populations for several years. However, one of the disadvantages associated with using
some in vitro models (e.g. batch cultures) is that they do not necessarily depict the true
patterns of microbial growth and colonization in natural environments™.

Although we can vary the environmental conditions and study the corresponding
effect on the microbial populations in broth cultures, the reality remains that bacteria
multiply at a very fast rate in lab cultures®’. In order to understand the metabolic
properties and obtain a better picture of bacterial population dynamics with time,
continuous culture chemostat systems (to study planktonic mode of growth) have also
been utilized to obtain a steady-state mode of growth in culture*'. The main principle
behind its operation is that by controlling the flow of medium in the vessel, the growth
rate can be adjusted and the system can thereby be designed to obtain slower bacterial
growth rate by limiting some essential nutrient. The oral cavity harbors heterogeneous
bacterial populations and the multispecies interactions in this complex community have
been studied in great detail previously. Mixed species oral communities grown in
chemostats have been used to investigate the growth behaviour and interspecies
interactions*" **. Despite of the advantages, the true ecological niche that exists in natural
habitats cannot be generated in chemostat systems as in some cases in nature, microbes
grow on surfaces and it can be very hard to mimic the true physical properties essential to
support the colonization of a representative community* **. Additionally, flow cell
culture methods (to study biofilm mode of growth) have been used extensively in the past

for studying growth and development in mixed-species oral biofilms, are valuable models
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that can be used/developed/modified for culturing microbial communities from other
body sites in the lab®" .

With the confirmation that in vitro methods could propagate reproducible oral
communities, detailed studies revealed mechanisms of communication between oral
bacteria and also how an organized series of colonization and succession events can guide
the formation of plaque biofilms in the oral cavity™ *. Other areas of research included
studying oral biofilm community architecture, interspecies interactions which further
unraveled the role of specificity in biofilm formation (preference for colonization with
certain bacterial groups), the role of physical interactions in biofilm formation, and

different mechanisms of metabolic communication®” %,

1.3.2 Multispecies interactions in oral microbial communities

Bradshaw ef al have demonstrated how an obligate anaerobe like Fusobacterium
nucleatum coaggregates with initial and early colonizers during biofilm formation, and
how such physical interactions can have an effect on anaerobe survival®. By
coaggregating with partner community members like streptococci, F. nucleatum permits
growth of other obligate anaerobes like members of the genus Prevotella. Moreover, the
development of oxygen gradients was shown to play a key role in sustaining the existence
and growth of obligate anaerobes in the thriving microbial community*®. Prior to this
study Bradshaw ef al had also determined how mixed community cultures could sustain
the growth of obligate anaerobes under aerated conditions in both chemostats and

biofilms®’.



M.Sc. Thesis - A. Puri; McMaster University - Biochemistry & Biomedical Sciences

Yet another study elucidated the role of other anaerobic residents of these
biofilms, Veillonella, in establishment of these complex communities where members of
this bacterial group were seen to show remarkable specificity towards Streptococcus
oralis™. Veillonella utilizes lactic acid produced by Streptococcus spp. and fails to grow
in its absence in these communities. These specific interactions were further studied in an
in vivo rat periodontal infection model, where Veillonella was unable to cause mono-
species infections. On the other hand, infecting a rat with precolonized Streptococcus
mutans tresulted in a mixed infection comprising of Streptococcus-Veillonella
communities®. More mutualistic interactions were uncovered with studies on other
community members like Actinomyces sp., Streptococcus gordonii, and Streptococcus
oralis where certain multispecies combinations could not survive verifying further how
each species has characteristic properties of attachment and colonization in biofilms®.
The architecture of these heterogeneous populations and the spatial organization has been
monitored with time by utilizing confocal laser scanning microscopy’". Guggenheim e al
demonstrated that during the initial colonization events, microbial cells did not form any
aggregates and were free floating whereas as time progressed, microcolonies of various
sizes and shapes were observed restricting the single cells to the surface of these
biofilms*. The mechanisms of communication in oral bacteria have been reviewed
extensively elsewhere®. Intra oral devices like Leeds in situ device, have also been
utilized for ex vivo studies to investigate the structure of these communities in their
natural environments®’. Even though characterizing community interactions in the

airways will always be much more challenging as some anatomic sites are not easily
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accessible, exploiting culture-based methods can not only help us better understand
community dynamics but can potentially provide some valuable insights into whole

community function.

1.3.3 Other methods for microbial community cultivation

The different culturing methods that have assisted culture of uncultivable groups
from environmental samples like soil have been extensively reviewed elsewhere’" *%.
Bollmann et a/ developed an in situ model for the cultivation of environmental bacteria,
which enabled recovery of a very diverse microbial community and some rarely
cultivated/uncultured isolates. The inoculum was sandwiched between semipermeable
membranes placed in a chamber, and this diffusion chamber was subsequently brought
back to the original environment. Post-incubation the growing community was passaged
to enrich for rare members of the community>. This study brings forward the importance
of presence of neighboring bacterial species in a growing microbial community. This is
one of the many reasons why some organisms cannot be recovered on synthetic media in
a laboratory. A subsequent study by Kim Lewis and coworkers demonstrated how
chemical signals and growth factors (siderophores in this case) produced by helper
bacteria can be essential to recover rare organisms”".

Recent advancement in microfluidic based culturing approaches has provided
additional opportunities to investigate microbe-microbe, microbe-host and microbe-
environment interactions” >°. The dynamic physical and function features of the human

intestine were recapitulated in a two-channel microfluidic device lined with a membrane

combining an extracellular matrix and human epithelial cell linings. By mimicking the

10
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flow rates and shear rates that exist in a human intestinal environment, researchers were
able to maintain a controlled microfluidic environment on this human gut on a chip

1. Such an in vitro model can be utilized in drug testing and host-microbe

mode
interaction studies. Park et al. used the microfluidic approach to generate micro-droplets
and cultured microbial communities in these to probe symbiotic interactions. By
controlling the dilution ratio in the device, such interactions were investigated in various
scenarios where at least one of the partners in the symbiont pair was rare. The device was
designed in a manner that the distribution of the microbial cells in each droplet could be
predicted®.

Other studies have adopted methods to isolate and cultivate organisms in different
ways, and also monitor the phenotypes of the growing populations in order to understand
the growth strategies utilized by microbes in natural environments® . A micro-petridish
with a million growth compartments was designed for high throughput culturing and
screening of microcolonies for functional applications like detection of enzyme
production®. Furthermore, application of high throughput culture methods utilizing
dilution to extinction approach have resulted in successful culture of novel taxa from
seawater . Kishony and coworkers investigated the growth properties of microbes
present in a soil microbial community and demonstrated that the presence of
neighbouring cells increases the likelihood of formation of visible colonies on growth

medium. Thereby, one can boost cultivability by plating intermediate cell densities and

increasing incubation times to allow the appearance of more colony types. This can help

11
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overcome the problem of overcrowding of plates at high densities and underestimation of

microbial diversity from an environmental sample””.
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1.4 Overall aims of the study

The human upper respiratory tract (URT) harbors complex microbial communities
and the composition includes what are traditionally considered commensal organisms
including a significant proportion of anaerobic bacteria. However, the upper airways are
also colonized by pathogenic organisms, which are carried asymptomatically in most
healthy individuals. The balance of asymptomatic carriage and disease is a result of a
complex interplay of the microbiome, pathogen, host and environment (Figure 1.1).
Although bacteria exist predominantly in microbial communities in natural environments,
there is a lack of understanding of the complex processes that operate in these
communities. The difficulty encountered in culturing these communities in the lab
complicates the problem. Some in vitro microfluidic and in vivo models are available to
study the airway microbial communities, however, these methods are expensive and
limited and in the context of the human microbiome it is not very feasible to do

60-62 Work done on culturing oral

experiments manipulating the microbial community
microbial communities and communities present in other environments like soil and
marine habitats provides valuable benchmarking data on microbe-microbe, polymicrobe-
host and polymicrobe-environmental interactions®® *% ** 4% 47 5. 52 The approaches
utilized in these studies can be adopted to conduct similar types of studies on airway
polymicrobial communities. Complementation of culture-independent methods that

63, 64 _ . . -
’ with culturing can provide

provide information on community composition
invaluable insight into microbial physiology of the airway communities, and will help

better understand the role airway microbiome in health and disease.
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The central objective of the current study was to develop robust methods to
propagate and examine mixed synthetic and natural microbial communities (comprised of
aerobes, facultative anaerobes & obligate anaerobes) in vitro. This project aimed to
develop an experimental system to study the nature and behaviour of the complex
bacterial communities that reside in the airways, in terms of the community structure,
function and dynamics.

The main goals of the current study were:
a) Develop/optimize different culture methods with synthetic microbial communities
in vitro
b) Propagate natural microbial communities from clinical samples by utilizing the
optimized methods
The current study looked to answer the following questions with the aforementioned
goals:
a) Can polymicrobial communities be reproducibly propagated with different culture
methods?
b) Can complex polymicrobial communities, comprised of aerobes, facultative
anaerobes and obligate anaerobes, be successfully propagated directly from a

clinical sample in an aerobic environment?
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Figure 1.1 - A diagrammatic image depicting the complex interactions in place in the
human upper respiratory tract (URT).
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CHAPTER 2: MATERIALS AND METHODS

2.1 Culture and molecular methods: synthetic microbial communities

2.1.1 Bacterial strains and growth conditions

All the strains (Table 2.1) were recovered from -80°C glycerol stocks and always
maintained on Columbia blood agar (CBA) supplemented with 5% sheep blood prior to
inoculum preparation. Achromobacter xylosoxidans C54, Staphylococcus lugdunensis
C2101, Staphylococcus epidermidis C463 and Streptococcus salivarius C412 were
incubated for 48 hours at 37°C in air (under 5% CO,). Prevotella melaninogenica C994,
Fusobacterium nucleatum P6B11 and Veillonella atypica C855 were grown in an
anaerobic atmosphere (90% N,, 5% CO,, and 5% H;; Bactron, SHEL LAB) for 4 days at
37°C. Obligate anaerobes are those strains that are capable of growing anaerobically but
not aerobically. The strains listed in Table 2.1 were grown on duplicate CBA plates
initially and incubated under both 5% CO, and anaerobic conditions to confirm conditions

for growth.

2.1.2 Batch culture methods (static and shaken)

2.1.2.1 Preparation of inoculum and culture conditions

Aerobic strains (C54, C2101, C463, C412) were incubated overnight in sterile
brain heart infusion broth (BHI) (BD) at 37°C under 5% CO; conditions. The anaerobes
(C994, P6B11, C855) were incubated for 48 hours in BHI broth at 37°C in an anaerobic

atmosphere. Inoculum for each microbial community combination (designated as day 0
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starting community) was prepared by mixing the bacterial strains in 5ml of BHI, where
each bacterial strain was adjusted to be approximately in the final range of 10°-10° colony
forming units per milliliter (CFU/ml). Aerobic synthetic communities were incubated
under static and shaking conditions at 37°C under 5% CO,. Mixed synthetic communities
were incubated under static conditions in an anaerobic atmosphere for 48 hours, and were
subsequently transferred to air and incubated under 5% CO; at 37°C. The aerobic
communities in batch cultures were subcultured every 24 hours by vortexing the culture
for 5 seconds and transferring 50 pl of this culture into sterile 5 ml of BHI broth.
Subsequently, composition of the microbial community was characterized at various time

points with total viable counts and T-RFLP (Figure 2.1).
2.1.3 Continuous culture methods

2.1.3.1 Preparation of the matrix embedded microbial community

A 0.4% (w/v) agarose matrix was prepared by dissolving agarose (UltraPureTM) in
BHI broth, which was then autoclave sterilized. BHI broth cultures for the bacterial
strains of interest were then prepared. Each microbial community combination was
prepared by mixing the bacterial cultures with sterile 0.4% (w/v) molten agarose (after
cooling it to 45-50°C), where each strain was adjusted to be in the final range of 10°>-10°
CFU/ml (Figure 2.2). 60 pl of this pre-mixed agarose was immediately pipetted into the
flow cell channel, ensuring that the matrix solidified only along the length of one wall in
the channel to allow clear passage of media through the rest of the flow channel.
Therefore, only one surface of the matrix embedded community is directly exposed to the

flow of culture medium in the flow cell (Figure 2.3). The flow of media was started 30
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minutes after matrix deposition. The flow cell slide (with the matrix) and the matrix

recovered at the end of a flow cell run are shown in 5.1 (Appendix).

2.1.3.2 Flow cell system design

The components of a flow cell system (Figure 2.4) include: a flow cell (ibidi p-
slide 1, sterile; ibidi, Germany; catalog#: 80191) with one flow channel (growth chamber)
(channel height = 800 um, channel length = 50 mm, channel width = 5mm), reservoir
(250 ml Erlenmeyer flask) with growth medium (BHI medium), pump to draw media
(Minipuls 3 peristaltic pump; catalog#: GF-F155001; Mandel Scientific), four channel
pump head (Mandel Scientific; catalog#: GF-F117606), eight channel pump head
(Mandel Scientific; catalog#: GF-F117608), flow tubing (1 mm ID; Mandel Scientific;
catalog#: GF-F1825112), connector tubing (1.52 mm ID; Tygon), PVDF connectors
(Mandel Scientific; catalog#: GF-F1179941), male luer lock connectors (ibidi, Germany;
catalog#: 10826) and an effluent flask (250 ml Erlenmeyer flask). The thickness of the
agarose matrix in the flow channel was 800 um (based on channel height). For easier
access to the matrix in the flow channel, a bottomless one-channel slide (ibidi sticky p-
slide 1, sterile; ibidi, Germany; catalog#: 80198) with a self-adhesive underside was used
in some cases. After pipetting the matrix into the flow channel, a sterile clear glass
microscope slide (Fisherbrand) was firmly placed over adhesive side of the sticky slide
and was cured overnight to ensure a tight seal. The tubing, connectors and flasks (with
one hole rubber stoppers) were assembled and then sterilized by autoclaving. When the
sticky slides were used, glass microscope slides were sterilized with ethanol prior to flow

cell assembly.
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After preparing the matrix embedded community (see Section 2.1.3.1), media was
drawn through the flow cell continuously with a peristaltic pump at a rate of ~500
ul/hour. For culturing an aerobic community (C54, C2101, C463 and C412) (Table 2.1),
the flow cell system was operated in air inside a 37°C incubator under 5% CO, conditions
for a period of 4-7 days. To culture a mixed community (comprised of both aerobes and
anaerobes), the flow cell setup was assembled and operated in an anaerobic chamber
(90% Na, 5% CO,, and 5% H,; Bactron, SHEL LAB) at room temperature for 48 hours.
This step allowed the establishment of anaerobes in the mixed community, as a premature
transfer to aerobic conditions could possibly result in the loss of obligate anaerobes. At
the 48 hour time point (designated as day 2 (ana); ana: anaerobic environment), the entire
setup was transferred into air and operated inside a 37°C incubator under 5% CO,
conditions for a period of 4-7 days. To prevent back flow of medium from the flow cell
into tubing during the transfer step, both upstream and downstream tubing were clamped.
1 ml of effluent culture was collected in 1.5 ml microfuge tubes at several time points for
further analysis. The matrix was recovered on the last day and was used for further

characterization.

2.1.4 Characterization of microbial community composition

2.1.4.1 Total viable counts

The bacterial composition in batch cultures, flow cell cultures and matrix was
determined by serial dilutions of samples at various time points and plating 100 pl of the
dilutions on CBA supplemented 5% sheep blood. Plates were incubated at 37°C under

5% CO;, for 48 hours (aerobic communities) and anaerobic conditions (90% N, 5% CO,,
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and 5% H,; Bactron, SHEL LAB) for 96 hours (mixed communities). Cell numbers for
each organism were calculated as CFU/ml. The relative abundance of each species in the
community was determined based on the calculated CFUs.
2.1.4.2 Extraction of bacterial DNA

Bacterial genomic DNA was extracted from the broth cultures, flow cell effluent
and matrix samples through mechanical lysis with bead beating. The extraction protocol
was a modification of a procedure described previously®’. 300 pl of the sample was added
to a 2 ml plastic screw top tube containing 0.2 g of 0.1 mm glass beads (MO BIO
laboratories, Inc.). Subsequently, 800 ul of 200 mM NaPO4 (pH 8) and 100 pl of
guanidinium thiocyanate-EDTA-sarkosyl (GES) were added to the tube and
homogenization was performed for 3 minutes in a benchtop bead-based homogenizer
(PowerLyzerTM 24; Medicorp, Inc.). For first enzymatic lysis step, 50 pul of lysozyme
(Sigma-Aldrich, 100 mg/ml in ddH,0), 50 ul of mutanolysin (Sigma-aldrich, 10U/ul) and
10 pul of RNase A (Qiagen, 10 mg/ml in ddH,O) were added to the homogenized sample.
The sample was mixed by vortexing and incubated at 37°C (waterbath) for 1-1.5 hours.
Post-incubation, 25 pl of 25% (w/v) SDS, 25 ul of Proteinase K (Invitrogen, 20 mg/ml)
and 100 pl of 5SM NaCl were added to each sample. The samples were mixed by
vortexing and incubated at 65°C (waterbath) for 0.5-1.5 hours. After incubation the tubes
were again spun at maximum speed for 5 minutes on the bench top centrifuge. 900 pl of
the supernatant was removed and transferred to a 2 ml tube containing 900 ul of phenol-
chloroform-isoamyl alcohol (25:24:1). After vortexing the tubes for 10 seconds (to shear

DNA), they were spun at maximum speed on a bench top centrifuge for 10 minutes. After
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centrifugation, the top layer was carefully transferred to a 1.5 ml microfuge tube. DNA
clean and concentrator-25 kit (Zymo Research) was used for purifying the DNA, where
DNA was eluted from the column with 50 pl of water and the samples were diluted to a
final concentration of 20 ng/ul. DNA samples were quantified using a Nanodrop

spectrophotometer (NanoDrop 2000c, Thermo Scientific).

2.1.4.3 Terminal Restriction Fragment length Polymorphism (T-RFLP) Analysis

For PCR amplification for the T-RFLP analysis, a total of 20 ng of DNA was used
as template in a PCR reaction with primers 8f (5’-AGAGTTTGATCCTGGCTCAG-3’)
labeled with 6FAM (ABI Biosciences), and 926r (5’-CCGTCAATTCCTTTRAFTTT-3’)
labeled with HEX (ABI Biosciences). Every sample was subjected to three independent
polymerase chain reactions and the resulting products were pooled and purified using a
DNA Clean and Concentrator-5 column (Zymo Research). 200 ng of each purified PCR
product was digested with 20 U of Cfol (Roche) according to the manufacturer’s
instructions at 37°C for at least six hours. Approximately 5 ng of digested PCR product
was injected into ABI 3730 Genetic Analyzer, and fragment analysis was be done using
the software package Peak Scanner (ABI Biosystems); LIZ1200 (ABI Biosystems) was
used as size standard. The total area under the peak for a given T-RFLP profile was
totaled and each T-RF was represented as a percent of the total peak area. T-RFs were
assigned by performing the fragment analysis protocol on 16S amplified from purified

colonies of each bacterial species (Table 2.2).
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Table 2.1 - Strains used in this study.

Strain # Organism ID Source* Description

C54 Achromobacter xylosoxidans CFy Aerobe

C2101 Staphylococcus lugdunensis Sinusitis Facultative anaerobe
C463 Staphylococcus epidermidis CFf Facultative anaerobe
C412 Streptococcus salivarius CFf Facultative anaerobe
C994 Prevotella melaninogenica CFy Obligate anaerobe
C855 Veillonella atypica CF¥ Facultative anaerobe
P6B11 Fusobacterium nucleatum Asthma Obligate anaerobe

*Clinical sample from which the isolate was recovered

+Cystic fibrosis

Table 2.2 -Terminal restriction fragment (T-RF) sizes for bacterial species used in this

study.
Species 8f(5) 926r (3°)
Streptococcus salivarius, C412 575 342
Staphylococcus epidermidis, 234 225
C463
Achromobacter xylosoxidans, 560 63
C54
Staphylococcus lugdunensis, 234 225

C2101
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Figure 2.1 - Schematic diagram of the batch cultures.
The cultures were subcultured every 24 hours and the community structure was monitored by total viable counts and terminal
restriction fragment length polymorphism.
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Figure 2.2 - Preparation of the matrix embedded microbial community.

-\__

Synthetic Community
in Flow Cell

Bacterial cultures were used to prepare the initial inoculum. Inoculum was then
embedded in a 0.4 % agarose matrix. This matrix embedded microbial community was
cultured in a flow cell under continuous flow of media.
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MEDIUM

Matrix embedded
microbial community

Figure 2.3 - Matrix embedded community in flow cell chamber (ibidi p-slide).
Only one surface of the matrix embedded community is directly exposed to the flow of
culture medium in the flow cell.
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Figure 2.4 - A diagram of the entire flow cell setup.

The matrix embedded community is introduced in the flow chamber, which is connected to the medium reservoir and
pump with tubing. The culture media is drawn through the flow chamber at the desired flow rate with a pump. The
composition of the growing microbial community can be analyzed with different methods.
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2.2 Culture and molecular methods: natural microbial communities

Sputum samples were collected with the informed consent of all the patients.
Three sputum samples were obtained on the same day from three asthmatic patients
(patient IDs: PN32, PN33 and PN34). These samples were cultured in the flow cell
system to propagate natural microbial communities under continuous flow conditions. For
comparison, the samples were also cultivated on various media types. Cultivable bacterial
communities in the flow cell system were investigated by characterizing the bacterial
groups present in the matrix and effluent, followed by an overall comparison to the
groups detected in the original clinical sample. Profiling of microbial populations in all
the samples was done by sequencing amplicons of the V3 region of thel6S rRNA gene on

an [llumina MiSeq (Figure 2.5).

2.2.1 Sample preparation and flow cell setup

Upon sputum induction, each sputum sample (PN32, PN33 and PN34) was
transferred into a sterile container and was shipped on dry ice. The sputum was then
sheared with vigorous passage through a lcc syringe (without a needle). For propagating
communities from the clinical samples in flow cells, the matrix embedded community
was prepared as described previously (see Section 2.1.3.1). Samples PN32, PN33 and
PN34 were diluted 1:100 in 0.4% molten agarose. The entire flow cell setup was
assembled and operated in the anaerobic chamber (90% N,, 5% CO,, and 5% Hoa;
Bactron, SHEL LAB) at room temperature for 48 hours. At the 48 hour time point

(designated as day 2 ana; ana: anaerobic) the setup was transferred into air and operated
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inside a 37°C incubator under 5% CO; conditions for a period of 5 days. The last time
point was designated as day 7 (on day 7, the flow cell system has been operated under an
anaerobic and aerobic environment for 2 days and 5 days respectively). 1 ml effluent
cultures were collected in 1.5 ml microfuge tubes on day 2 and day 7 for further analysis.
The matrix embedded community was also recovered on day 7 and used for further

analysis.

2.2.2 Microbiological profiling

The sheared sputum sample was serially diluted in BHI broth (supplemented with
L-cysteine hydrochloride hydrate (0.5 g/L)), and 100 pl of the 10~ and 107 dilutions were
cultured on various media types (Table 2.3). All the media were prepared as
recommended by the manufacturer (BD). The plates used for culturing under anaerobic
conditions were pre-incubated in an anaerobic environment for 24 hours. Media were
autoclave sterilized, cooled to 55°C and poured into 100 mm Petri dishes. After
inoculation, the plates were incubated under aerobic conditions for 48 hours and under
anaerobic conditions for 4 days. Post-incubation, the organisms on each media type were
pooled (designated as aerobic and anaerobic plate pools), by adding BHI broth
(supplemented with 0.5% L-cysteine) onto the surface of agar. DNA was then extracted

from the plate pools for further analyses.
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2.2.3 Molecular profiling

2.2.3.1 Extraction of bacterial DNA
Bacterial DNA from the sputum, flow cell matrix, and effluent culture samples

was extracted as outlined previously (see Section 2.1.4.2).

2.2.3.2 Illumina PCR amplification of 16S rRNA V3 region and Illumina sequencing
Bacterial community profiling of the 16S rRNA gene was carried out using paired

end reads of the V3 region, using bar coded Illumina sequencing as described

previously®. Bar codes are included in both forward (F) and reverse (R) primers

incorporate sequences for flow cell binding and Illumina sequencing.

V3F:(5 aatgatacggcgaccaccgagatctacactctttccctacacgacgetettccgatctNNNNCCTACGGG

AGGCAGCAG-3’)

V3R:(5’caagcagaagacggcatacgagat XX X X X X gtgactggagttcagacgtgtgctcttccgatct ATTAC

CGCGGCTGCTGG-3),

where XXXXXX denotes the hexameric barcodes described by Bartram et al.®.

Each reaction mixture contained 25 pmol of each primer, a 200 uM concentration of each

dNTP, 1.5 mM MgCl,, and I U phusion Taq polymerase (NEB). The PCR conditions

involved an initial denaturation step at 94°C for 2 minutes, followed by 30 cycles of 94°C

for 30 seconds, 50°C for 30 seconds, and 72°C for 30 seconds, and ended with an

extension step at 72°C for 10 minutes. Amplifications were carried out in triplicate, where

the amplified product was purified by separation with agarose gel electrophoresis and gel

extraction. The purified product was used for subsequent steps. 250 nt paired-end
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sequencing was carried out on a MiSeq Illumina sequencer as per manufacturer’s

instructions.

2.2.3.3 Sequence processing

PCR products were sequenced using the Illumina Miseq with paired-end reads.
Custom Perl scripts were developed in-house to process the sequences. First, Cutadapt®
was used to trim these sequences to the V3 region, ridding of any sequences surpassing
this region. Next, sequences were aligned with their pair using PANDAseq"’; during this
alignment, any mismatches or ambiguous bases were culled. Operational taxonomic units
(OTUs) were picked using AbundantOTU and as described previously® with a clustering
cutoff of 97%. Taxonomy of the resultant OTUs was assigned via comparison of a
representative sequence of the unit to the Greengenes reference database® using the
Ribosomal Database Project (RDP) classifier’’. Beta-diversity measures and summaries

of the relative abundances of taxonomies were calculated using QIIME"".

2.2.3.4 Clustering and biodiversity of bacterial communities
Bacterial community comparisons were carried out with unweighted UniFrac.
Biodiversity of samples (sputum, plate pools, flow cell effluent cultures and matrices)

was measured by the Shannon-Weiner diversity index.

2.2.3.5 Statistical analysis
An unpaired Student’s ¢ test was used to analyze differences in biodiversity

between groups.
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Table 2.3 — Media used for culture enriched molecular profiling of sputum sample.

Medium Supplements Growth conditions
(5%CO,, anaerobic* or
both)

Columbia blood agar (CBA) 5% sheep blood Both

Columbia colistin naladixic

acid agar (CNA) 5% sheep blood Both

Brain heart infusion agar

(BHI) 5% CO,

Trypticase soy agar 0.5% yeast extract 5% CO,

Brain heart infusion agar

(BHI) L-cysteine hydrochloride

hydrate (0.5 g/L), hemin (10

mg/ml), Vitamin K (1mg/ml) Anaerobic
Trypticase soy agar

0.5% yeast extract, L-

cysteine hydrochloride

hydrate (0.5 g/L), hemin (10

mg/ml), Vitamin K (Img/ml) Anaerobic

McKay agar (MK) Both
Mannitol-salt agar (MSA) 5% CO,
MacConkey agar (MAC) Both
Fastidious anaerobe agar

(FAA) Anaerobic

* Anaerobic conditions = 90% N,, 5% H, and 5% CO,
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Figure 2.5 - Schematic diagram of the different methodologies utilized for
characterizing bacterial populations in the sputum sample.

The bacterial communities in the sputum sample were characterized by direct molecular
profiling of the original sample, culturing the sample on different media types and
propagating it in the continuous flow cell system. After cultivation, the bacterial
populations in the flow cell effluent cultures, matrix, and plate pools were analyzed with
direct molecular profiling.
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CHAPTER 3: EXPERIMENTAL INVESTIGATIONS

3.1 Develop/optimize methods to construct and propagate synthetic

microbial communities in vitro

3.1.1 Introduction

The principal goal of this study was to culture synthetic microbial communities
under continuous flow conditions. Batch cultures have been used as a method of studying
the physiology, metabolism, production of virulence factors, and interactions in bacterial
populations for several years (discussed previously, see Section 1.3.1). However, one of
the disadvantages associated with this system is that it does not necessarily depict the
patterns of microbial growth and colonization in many natural environments including the
naso- and oro-pharynx. Flow cells were used, first, to be able to capture the development
of airway microbial communities in a physical environment that approximates the natural
context, and second, to do this in vitro, in a cost-effective and reproducible manner.

The first aim was to study and compare the structure and diversity of synthetic
microbial communities temporally with different culture methods. An evaluation and
comparison of these methodologies was important to inform the design of experiments for
culturing both synthetic and natural microbial communities. To construct synthetic
communities, bacterial isolates cultured from clinical samples in previous studies were
acquired from the Surette laboratory strain collection (Table 2.1). The strain list

represents bacterial species that are commonly isolated from the upper respiratory tract’”
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0-31 The growth and abundance of these organisms was monitored under different

culture conditions over various time points. The second aim of this study was to culture
matrix embedded mixed (both aerobes and anaerobes) microbial communities under
continuous flow conditions. One can expect that culturing communities by embedding
them in a matrix will provide the community some spatial structure, and with time as
microorganisms start growing within the matrix, oxygen, pH and nutrient gradients will
get established in the community (Figure 3.1A). The structural localization of aerobes
and anaerobes in the matrix was characterized by dissecting the community, where

bacterial numbers were determined with total viable counts (Figure 3.1B).
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3.1.2 Results
3.1.2.1 Growth of multispecies bacterial communities in static, shaken and flow cell
effluent cultures

The relative abundances in a simple four-species aerobic synthetic community,
when grown with the three culture methods, are shown in Figure 3.2. The communities
were propagated under aerobic (5% CO;) conditions and incubated at 37°C. For
comparative purposes, all the cultures were started on the same day. The bacterial
numbers were determined with total viable counts. It is evident that the overall
community composition varies with the culture method used, where the most diverse
communities are propagated with static and flow cell cultures. All four bacterial species
in this simple community were able to persist or grow when propagated with static and
flow cell cultures. However, in shaken cultures, there was a significant decrease (t test, P
< 0.001) in the log;o viable counts of Achromobacter and Streptococcus on day 7 as
compared with the initial inoculum. Staphylococcus spp. were the most abundant
organisms cultured in shaken batch cultures. These communities were dynamic and
exhibited changes in composition over time. Some differences in overall community
composition between replicates were also seen.
3.1.2.2 Total viable counts are reliable for characterizing simplified synthetic
communities

The composition in the bacterial communities, over different time points, was
characterized with both total viable counts and T-RFLP. The relative abundances in a

simple four-species aerobic synthetic community, when grown with three culture
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methods, where the structure was determined with both total viable counts and T-RFLP,
are shown in Figure 3.3. The communities were propagated under aerobic (5% CO»)
conditions and incubated at 37°C. For comparative purposes, all the cultures were started
on the same day. The overall community composition (for all three culture methods)
determined by total viable counts largely mirrored the one determined by T-RFLP.
3.1.2.3 Matrix embedded communities are diverse

It is important to characterize the community composition within the matrix as
some organisms can be missed in flow cell effluent cultures (Figure 3.4). The
communities were propagated under aerobic (5% CO,) conditions and incubated at 37°C.
The relative abundances in a simple four-species aerobic synthetic community, in flow
cell effluent cultures and matrices on day 7, are shown. The overall community
composition is similar between replicates. The compositions of flow cell effluent cultures,
at different time points, and matrix embedded communities are shown in detail in Table
3.1. All bacterial species grow within the matrix embedded communities, and some
organisms are missed in the effluent cultures.
3.1.2.4 Mixed synthetic communities retain obligate anaerobes when cultured under
aerobic conditions in flow cell cultures

Viable numbers of obligate anaerobes (Prevotella melaninogenica, Fusobacterium
nucleatum) were present in the flow cell effluent cultures and matrix, when the
communities were cultured under aerobic conditions. The compositions of flow cell
effluent cultures (at different time points) and matrix embedded communities are shown

in detail in Table 3.2. The relative abundances in a simple six-species mixed synthetic
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community, in flow cell effluent cultures and matrix, are shown in Figure 3.5. The
communities were grown in an anaerobic environment for 2 days (the 48 hour time point
is designated as day 2 (ana); ana: anaerobic environment), and were incubated at 37°C.
The flow cell setup was transferred to an aerobic environment (5%CO,, 37°C) at the 48
hour time point. The changes in composition under aerobic conditions were followed
thereafter (flow cell system was kept aerobic for 6 days). Although not as abundant as
other anaerobes in the community, like Veilonella atypica, Prevotella and Fusbacterium
were able to persist and grow under aerobic conditions (Figure 3.6). There was a
significant increase (7 test, P < 0.05) in the log;o viable counts of Prevotella in the day 6
aerobic effluent cultures as compared to day 2 anaerobic cultures (Table 3.2).
3.1.2.5 Growth in matrix embedded mixed synthetic communities

Prevotella and Fusobacterium were more abundant in the matrix in comparison
with flow cell effluent cultures, in a simple six-species community cultured under aerobic
conditions (Figure 3.7). The relative abundances in flow cell effluent cultures and
matrices on day 7 are shown. The matrix embedded communities showed more diversity,
where all the organisms present in the starting community were able to persist and grow
in the matrix. To evaluate the growth and changes in community composition within the
matrices over different time points, four flow cells were started in parallel from the same
starter culture (six-species community). One flow cell was sacrificed at each time point
and the composition was subsequently determined with total viable counts. The

compositions in the matrix embedded communities, at different time points, are shown in
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detail in (Table 3.3). The relative abundances in these communities are shown in Figure
3.8.
3.1.2.6 No spatial patterns within the matrix embedded mixed synthetic community
The community structure in the matrix was spatially characterized to measure
patterns of bacterial species along the length of the community (Figure 3.1B). Spatial
distributions in a simple six-species community cultured under aerobic conditions, is
shown in Figure 3.9. The matrix was recovered on day 7 and dissected into parts, where
the bacterial numbers were determined with total viable counts. Flow cell was dominated
by the same community of organisms, throughout the whole vertical profile. Veillonella
atypica was most abundant in part 4, but the differences were not significant. Total
proportions of Prevotella and Fusobacterium also did not change significantly.
Conclusively, no spatial heterogeneity was observed and the communities can be

described as being spatially stable within the matrix.
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3.1.3 Discussion

In this study, my aim was to optimize culture methods for growing bacterial
communities in the lab, and investigate whether a polymicrobial bacterial community is
maintained and reproduced in separate methods. An in vitro flow cell model was
optimized to propagate mixed communities, comprised of aerobes and anaerobes. Such a
model would be beneficial for studying microbe-microbe and polymicrobe-host
interactions in near future studies. As a first step, simple aerobic communities were
propagated with batch and flow cell culture methods, and the growth behavior of
organisms in these cultures was studied. The key findings were that the overall
community structure depends on the culture method used, where most diverse
communities can be propagated with static batch cultures and the flow cell system.
Aeration in shaken batch cultures results in spatial homogeneity. One or two organisms
take over this culture and flourish, whereas other members of community either die or
merely persist. On the other hand one can expect spatial heterogeneity in static batch
cultures where the presence of multiple niches can result in the successful growth of
multispecies communities in these cultures.

Composition of aerobic synthetic communities was characterized with both TVCs
and T-RFLP to: 1) evaluate the effectiveness of TVCs as a method for community
profiling and, 2) determine (with T-RFLP) whether any major bacterial groups are being
missed in culture. The data shows high similarity in the community compositions
deduced with both methods. Although some organisms can be missed in culture and a

better approach is to use both culture-dependent and culture-independent methods in
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tandem”’, for studies on simple synthetic communities (up to 10 organisms in culture),
TVC was proven to be reliable for characterizing community composition as observed in
this study and others*’. Furthermore, TVCs give information about the living members of
the community. Data from TVCs for the flow cell cultures established that multispecies
communities develop robustly with the flow cell system. Thereafter, it was important to
determine whether communities grown in the matrix can proliferate over time. The data
shows that matrix embedded communities are diverse, stable and reproducible, where
significant increase in growth was observed within the matrix over time. The
communities that developed in the flow cell systems were reproducible both within a flow
cell run and between independent flow cell runs. Differences in the community
composition between the effluent cultures and matrix were also recorded. Most diverse
communities were recovered in the matrix and this finding provided further incentive for
culturing mixed species (aerobes and anaerobes) communities in flow cell systems.
Although effluent cultures can serve as predictors of the community dynamics within the
matrix over time, it is essential to analyze the community structure within the matrix. The
main limitation of my flow cell model is the inaccessibility of the matrix over the course
of the experiment.

We hypothesized that the development of oxygen gradients will permit the
establishment of obligate anaerobes in a mixed community of aerobes and anaerobes,
under aerobic growth conditions. My data indicates that this is the case and possibly steep
oxygen gradients develop in the entire flow chamber and downstream tubing as obligate

anaerobes could also be recovered efficiently in the effluents cultures. In order to
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determine the effect of aeration on the recovery of anaerobes, communities were also
cultured under higher flow rate conditions. Communities cultured under relatively higher
flow rates of medium (1.5 ml/hour) did not show any significant changes in the overall
community structure. All community members of a six-species mixed community (with
obligate anaerobes) were recovered in flow cell matrices under these conditions (in an
aerobic environment), and an increase in bacterial numbers over time was also recorded
(5.2, Appendix).

The community composition of mixed synthetic communities within flow cell
matrices was also studied. An increase in bacterial numbers (including the obligate
anaerobes) was recorded when the flow cell system was transferred to aerobic conditions.
As discussed above, diverse aerobic synthetic communities can be propagated in static
batch cultures. I also wanted to investigate whether mixed communities of aerobes and
anaerobes can be successfully propagated in batch cultures. One wouldn’t need to utilize
a relatively technically challenging method like flow cell culturing if mixed communities
can be conveniently propagated in batch cultures. Loss of obligate anaerobes was
recorded in batch cultures when a six-member mixed community was propagated in BHI
growth medium (5.3, Appendix). Steep oxygen gradients that can protect obligate
anaerobic organisms from the toxic effects of oxygen do not establish in these static batch
cultures. The static batch cultures did not undergo subculturing, and one culture was
analyzed for each time point in the experiment. The rationale behind this approach was
that if oxygen gradients develop in batch cultures, they could get disrupted during

subcultures. Apart from the lack of oxygen gradients, pH and nutrient gradients, which
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are also crucial, can develop and it is possible that nutritional requirements of some
bacterial species couldn’t be realized. The accumulation of toxic products could also be
responsible for declining numbers of some community members in batch cultures.
Multispecies communities can exist in chemostat cultures under aeration, however the
survival of anaerobes is dependent on the initial inoculum, community members and the
amount of oxygen in the culture®’.

I previously hypothesized that the members of a mixed community in the flow cell
will demonstrate spatial patterns where the anaerobes are located away from the flow of
media and aerobes are directly exposed to the flow. Oxygen gradients would be expected
to establish along the length of the community in this model. Spatial characterization of
the matrix embedded mixed community did not reveal any striking differences in the
spatial patterns, where obligate anaerobes were located in all sections of the community.
This model airway bacterial community did not include any obligate aerobes, which can
serve as better indicators of community spatial patterns. Conclusively, I have optimized
the flow cell system to propagate mixed species communities in the lab. These
communities are diverse and reproducible and in all cases the obligate anaerobes could be
recovered efficiently when the flow cell setup is operated in aerobic conditions. The
optimized system can be utilized for propagating much more complex communities

directly from airway samples.
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Table 3.1 - Composition of flow cell effluent cultures and matrix embedded communities (aerobic synthetic community).

Day 0t Day Day Day Day

Species (Effluent) 1(Effluent) Day 3(Effluent) 5(Effluent) 7(Effluent) 7(Matrix)
Achromobacter
xylosoxidans 547+0 549 +0.83 8.10+£0.70 8.59+£0.12 8.5+0.18 5.03+£0.61
Staphylococcus
lugdunensis 598+0 8.54+£0.21 8.34+0.61 8.85+0.26 8.61£0.16 8.77+0
Staphylococus
epidermidis 590+0 8.45+0.34 8.30 £ 0.42 7.85+0.49 8.07+0.6 8.55+0.06
Streptococcus
salivarius 520+0 830+0 8.65 £ 0.06 8.77+0.24 8.66 £ 0.02 7.40 £0.70

Results are shown as log;o CFU/ml + standard deviations for three independent experiments (atleast two technical replicates were included in each
experiment).

tDay 0 refers to the initial inoculum (starting microbial community).
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Table 3.2 - Compositions of flow cell effluent cultures and matrix embedded communities (mixed synthetic community).

Day 2(ana) Day 2(ana)+Day  Day 2(ana)+ Day Day 2(ana)+Day 6(aer)
Species Day 0 (ana)f Effluent 2(aer) Effluent 6(aer) Effluent Matrix
Veilonella atypica 4.53+0.03 489 +3.59 8.38 £0.58 821+0.34 8.06 +£0.63
Prevotella
melaninogenica 449+0.6 0 6.91 £0.12 6.32 £0.57 7.25+0.63
Fusobacterium
nucleatum 5.4+ 0.5 5.69 +0.39 3.68 £3.12 6.25 +0.59 7.23+0.42
Staphylococcus
lugdunensis 52+0.15 7.60 + 0.64 8.25+0.50 8.03+0.37 8.41+1.15
Staphylococcus
epidermidis 53+0.2 481 £3.92 2.648+1.5 492 +£3.5 7.25+0.59
Streptococcus
salivarius 52+0.2 7.81 +0.58 7.95+0.83 7.85+0.34 6.96 + 0.52

Results are shown as log;o CFU/ml + standard deviations for three independent experiments (atleast two technical replicates were included in each
experiment); ana: anaerobic, aer: aerobic.
tDay O refers to the initial inoculum (starting microbial community).
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Table 3.3 - Composition within flow cell matrices over different time points.

Species Day O(ana)t Day 2(ana) Day 2(ana)+Day 2(aer) Day 2(ana)+Day 6(aer)
Veilonella atypica 541+1.92 4.73+6.7 8.90+0.13 8.06 1.5

Prevotella melaninogenica 5.58+2.16 5.46+3.12 7.42 +0.06 723+ 1.5
Fusobacterium nucleatum 6.32+1.16 5.30+1.52 7+0 7.29+1.2
Staphylococcus lugdunensis ~ 6.90 = 2.3 8.69+0.72 9.47£0.10 8.12+1.9
Staphylococcus epidermidis ~ 6.97 +2.12 4.45+6.29 4+5.65 7.49 +1.99
Streptococcus salivarius 6.92 +1.22 9.12+£0.18 8.42 + 0.60 6.94 £ 1.22

Results are shown as log;o CFU/ml + standard deviations for two independent experiments (atleast two technical replicates were included in each
experiment); ana: anaerobic, aer: aerobic.
tDay 0 refers to the initial inoculum (starting microbial community).
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Figure 3.1 - Proposed model for spatial distribution of microbes in the matrix embedded community.

(A) Proposed model for spatial localization of microbes along the length of the matrix embedded community in the flow cell
channel. (B) Spatial structure within the community can be characterized by dissecting the community. Total viable counts on
different sections of the community can be done for analyzing the spatial composition.
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Figure 3.2 — Comparison of compositions, in an aerobic synthetic bacterial community, between static, shaken and flow
cell cultures.

Relative abundances of bacterial species in a four-species community are shown. The community structure at different time
points, when propagated with static, shaken and flow cell cultures under 5% CO, (incubated at 37°C), is shown. Day 0 refers to
the initial inoculum (starting community). The data for only flow cell effluent cultures is represented on the plot. The results
for one experiment (with three technical replicates) are shown here. Relative abundance for each species was determined by
total viable counts.
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Figure 3.3 - Comparison of community compositions, in an aerobic synthetic community, with total viable counts and
T-RFLP (grown with three culture methods).

The structure of a simple four-species bacterial synthetic community at different time points when propagated with static,
shaken and flow cell cultures, under 5% CO, (incubated at 37°C) is shown. The data for only flow cell effluent cultures is
represented on the plot. Day 0 refers to the initial inoculum (starting community). The results for one experiment are shown
(the average of three technical replicates for each method, is represented on the plot)
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Figure 3.4 - Comparison of compositions, in an aerobic synthetic community, between flow cell effluent cultures and
matrix.

The structure of a simple four-species bacterial synthetic community in the flow cell (FC) effluent cultures and matrices on day
7 is shown. The results for one experiment are shown (three technical replicates: R1, R2, R3). Starting community refers to the
initial inoculum on day 0. Relative abundance for each species was determined by total viable counts.
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Figure 3.5 - Composition of a mixed synthetic community in flow cell effluent cultures at different time points.

The structure of a simple six-species bacterial synthetic community, in the flow cell effluent cultures, is shown. The results for
three independent experiments (the average of three technical replicates for each experiment is represented on the plot) are
shown. Day O(ana) refers to the starting community (initial inoculum), and Day 2(ana) refers to the time point when transfer to
aerobic conditions occurs (the community was grown anaerobically for first 48 hours); ana: anaerobic, aer: aerobic. Relative
abundance for each species was determined with total viable counts.
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Figure 3.6 — Bacterial growth dynamics of a mixed synthetic community.

Bacterial levels are in Colony Forming Units/ml. The average CFU/ml for each bacterial species in a mixed community are
present on the plot. The results for three independent experiments are shown (with two technical replicates per experiment).
Day 0(ana) refers to the starting community (initial inoculum), and Day 2(ana) refers to the time point when transfer to aerobic
conditions occurs (the community was grown anaerobically for 48 hours); ana: anaerobic, aer: aerobic. The data for only flow
cell effluent cultures is represented on the plot
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Figure 3.7 - Comparison of compositions, in a mixed synthetic community, between flow cell effluent cultures and
matrices.

The structure of a six-species bacterial synthetic community in the flow cell effluent cultures and matrices, on day 6 of
incubation under aerobic conditions, is shown. The results for three independent experiments (the average of three technical
replicates for each experiment is represented on the plot) are shown. Day 0(ana) refers to the starting community (initial
inoculum) and Day 2(ana) refers to the time point when transfer to aerobic conditions occurs; ana: anaerobic, aer: aerobic.
Relative abundance for each species was determined by total viable counts.
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Figure 3.8 - Comparison of the compositions, in a mixed synthetic community, between matrices at different time

points.

The structure of a simple six-species bacterial synthetic community, within the flow cell matrices, is shown. The results for two
independent experiments are shown (the average relative abundance is represented on the plot). Day O(ana) refers to the
starting community (initial inoculum), and Day 2(ana) refers to the time point when transfer to aerobic conditions occurs; ana:
anaerobic, aer: aerobic. Relative abundance for each species was determined by total viable counts. The matrix from one flow
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cell was sacrificed at each time point to deduce community dynamics within the matrix over time.
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Figure 3.9 - Spatial characterization of matrix in a mixed synthetic community.

The structure of a simple six-species bacterial synthetic community in the flow cell matrix is shown. The results for two
independent experiments (average relative abundances are represented on the plot). Day O(ana) refers to the starting
community (initial inoculum), and Day 2(ana) refers to the time point when transfer to aerobic conditions occurs. Relative
abundance for each species was determined by total viable counts. The matrix was recovered on day 7, and was dissected into

four parts to measure patterns of bacterial species within the matrix.
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3.2 Propagate natural communities from clinical samples under

continuous flow conditions

3.2.1 Introduction

A robust culture-based method (a flow cell system operating under continuous
flow conditions), that can support growth of polymicrobial communities recovered from
natural environments has been developed in this study to: 1) culture complex
communities from airway samples; 2) investigate bacterial population dynamics over time
within these communities. The data from synthetic microbial communities demonstrates
that reproducible bacterial communities can be cultured with the flow cell system. Using
the methodology developed with the synthetic communities, I sought to characterize the
structure of polymicrobial communities cultured from sputum samples in the flow cell
system. First and foremost, it was necessary to compare the composition of communities
propagated in the flow cell and the original sputum sample to evaluate the utility of the
flow cell method. By determining the organisms recovered by cultivation in the flow
cells, one can assess the cultivable diversity. Community compositions in the original
sputum samples, flow cell effluent cultures and matrices were analyzed by 16S rRNA
gene sequencing.

Culture enriched molecular profiling of the sputum sample was also conducted in
parallel for additional comparison with flow cell communities. Culture enriched
molecular profiling involves plating the sample on different media types (selective and

non-selective) for recovering diverse bacterial populations. The use of selective media
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inhibits the growth of fast growing organisms and selects for rare/less abundant members
of the community. The organisms are then harvested off the surface of plates and
molecular profiling is conducted on these enrichment pools to analyze the community
composition in the original sample. The purpose behind aforementioned comparisons was
to evaluate the consistency of this method, for incorporation in future studies relating to

airway polymicrobial communities.
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3.2.2 Results

3.2.2.1 Compositional differences in bacterial communities characterized with
different culture methods

For characterizing the structure of bacterial communities cultured in the flow cell
system, I examined the flow cell effluent and matrix embedded communities for all three
clinical samples in depth with direct molecular profiling. Three sputum samples were
obtained on the same day from three asthmatic patients (patient IDs: PN32, PN33 and
PN34). These samples were cultured in the flow cell system, where the system was kept
in an anaerobic environment for 2 days, followed by transfer to aerobic conditions. The
community composition, on day 2 (designated as day 2 anaerobic) and day 7 (designated
as day 7 aerobic), in the flow cell effluent cultures and matrices was analyzed. For added
comparison, the samples were also cultivated on various media types. Comparison with
the communities cultured by plating the sputum sample on selective and non-selective
media (14 growth conditions in total, see Table 2.3) further assists in assessing the
effectiveness of the flow cell system in cultivating polymicrobial communities.
Community composition of these samples was compared to the original sputum sample
(starting community). Technical flow cell replicates of sample PN33 were also included
in the analysis to evaluate the consistency of this method. Community composition in two
replicates (replicatel and replicate 2) of sample PN33 was examined in parallel. A third
flow cell replicate of this sample was used for determining the community structure
within the matrix on day 2, to infer the composition of the matrix embedded community

prior to transfer into an aerobic environment. Differences in bacterial community
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composition between flow cells effluent cultures, matrix and original sputum sample are
described below.

Sequencing data from all the samples generated a total of 1,263,433 sequences,
where an average of 54,931 sequences per sample was recorded (Table 3.4). The
sequencing revealed a community dominated, on average, by the bacterial phyla
Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria and Proteobacteria. At the genus
level, 1 identified a total of 25 distinct genera in the data that were present at an
abundance of 1% or higher (in at least one sample). The most abundant genera were:
Streptococcus, Veillonella, Rothia, Prevotella and Haemophilus. The percent relative
abundances in bacterial communities cultured from samples PN32, PN33 and PN34, in
flow cell effluent and matrix, are shown in Figure 3.10, Figure 3.11, Figure 3.12,
Figure 3.13 and Figure 3.14. For samples PN32 and PN33, effluent cultures were
collected under anaerobic conditions on day 2 and the community composition in these
was also characterized and is shown on the plots.

The most abundant groups detected in matrix on day 7 were Streptococcus,
Veillonella and members of the family Lachnospiraceae. Overall, the community
composition in the flow cell effluents on day 7 was very similar to the composition in the
matrix on day 7. Streptococcus and Veillonella were the most abundant genera detected in
the flow cell effluent cultures and matrices on day 2 (Figure 3.10, Figure 3.11, Figure
3.12 and Figure 3.13). Certain anaerobic groups like Prevotella were not as abundant in

culture (plate pools, effluents and matrices) as compared to the original sample. Rothia,
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which was abundant (~10%) in the original sample, was not very efficiently recovered
with the flow cell culture method.

Interesting differences in the compositions of bacterial communities that
developed in technical replicates of PN33 were also observed. Three common dominant
genera in the matrix embedded communities of replicates 1 and 2 were Streptococcus,
Veillonella and Campylobacter (Figure 3.11, Figure 3.12). However, Lachnospiraceae,
(also dominant in matrix embedded communities of PN32 and PN34 samples; see Figure
3.10, Figure 3.11 and Figures 3.14), was not very abundant in replicate 2, where
Fusobacterium became the most abundant OTU and constituted 50% of the total bacterial
population (Figure 3.12). It is noteworthy that Fusobacterium was not detected in the
plate pool communities for this sample. Conclusively, complex and dynamic microbial
communities can be cultivated with the flow cell system, and major population shifts
were observed when the flow cells were transferred to an aerobic environment on day 2.
3.2.2.2 Diverse natural communities can be propagated under continuous flow
conditions

To determine the community membership, relative abundances of bacterial genera
in the sputum sample (genera detected in >0.0001 are shown, which is a percent relative
abundance of >0.01%) are plotted in order of decreasing abundance. This represents the
predicted community composition in the original sample. The organisms recovered in the
flow cell samples (both matrix and effluent) are indicated on this same plot to illustrate
the cultivable members of the flow cell communities. The abundance rank orders, for the

three sputum samples (including the technical flow cell replicates and day 2 matrix
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embedded community), are shown in Figure 3.15, Figure 3.16, Figure 3.17, Figure 3.18
and Figure 3.19.

The average number of genera ascertained via direct molecular detection from
sputum was 21.5 (+/-1). The average number of genera detected in the matrix was 17.25
(+/-2.75), and in the effluent (day 7) was 18 (+/-1.25). Around 86% of the genera present
in the original sample could be recovered in the flow cell communities on day 7. Analysis
of the microbial composition in the matrix embedded community on day 2, revealed the
recovery of 17 genera as compared to an average of 11.33 (+/-1.52) genera detected in the
effluent cultures on day 2 (Figure 3.18). Conclusively, the majority of genera detected in
the sputum were recovered with flow cell culturing.

A comparison of the community compositions of bacterial communities
developing in the technical flow cell replicates of PN33 (Figure 3.16, Figure 3.17),
revealed a high similarity in the overall community structures for these samples. There
were also instances when recovery of some groups was seemingly difficult under certain
growth conditions. For example, some aerobic organisms, like Rothia and Neisseria, that
were detectable on day 2 in the anaerobic effluent of all samples (and in the matrix of
sample PN33 on day 2, see Figure 3.18), couldn’t be recovered in the matrix/effluent on
day 7 (Figure 3.16, Figure 3.17 and Figure 3.19).
3.2.2.3 Flow cell culturing is a consistent method

To investigate the relationship between the sputum and flow cell bacterial
communities, unweighted UniFrac was used as a measure of phylogenetic beta diversity

in the communities. As compared to weighted UniFrac, which reveals community
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differences that incorporate relative abundances, unweighted UniFrac is a qualitative
measure that shows differences based on the community membership’®. Comparison of
the sputum, flow cell effluent and matrix samples revealed that primary clustering in this
data set is by day (Figure 3.20), where the communities existing in the flow cell effluents
and matrix showed highest similarity. Based on separation of flow cell communities by
day (the original sputum samples also cluster separately), it can be concluded that the
communities cultured with flow cell method are reproducible.
3.2.2.4 Biodiversity of the microbial communities in flow cell effluents and matrix
The biodiversity of the microbial communities propagated in the flow cells, plate
pools and original sputum sample was evaluated with Shannon diversity index (Figure
3.21), which reflects both the species richness and evenness in the sample””. Significant
differences were observed between the biodiversity of bacterial communities in the
original sample and the communities cultivated from the original samples by different
methods (plating on different media types and flow cell culturing). However, no
significant difference was observed between the biodiversity of the communities

recovered in the matrix and effluent cultures on day 7.
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3.2.3 Discussion

The data on culturing polymicrobial communities from sputum samples in flow
cell systems, shows that a majority of organisms present in the original sample can be
recovered in flow cell cultures (both effluent and matrix). [ have successfully developed a
culture-dependent method that can be utilized for propagating complex (aerobes and
anaerobes) polymicrobial communities in vitro. Obligate anaerobic species were able to
persist in the community when the system was operated under aerobic (5% CO,)
conditions. With slight variations in the protocol, this methodology can be utilized in
future studies for culturing more diverse complex communities, conveniently under
aerobic conditions, from airway samples.

In all cases Streptococcus and Veillonella were the most abundant organisms (at
genus level) observed in the flow cell cultures (both effluent and matrix). This is not
surprising, as these organisms are prominent members of the URT'® *%. During the first
48 hours (anaerobic incubation), these organisms flourish and become dominant members
of the community. A 1/100 dilution of the original sample was used for inoculation of
flow cells, and this might have resulted in overcrowding in the developing community.
The rationale behind this dilution for inoculation was to prevent the loss of less
abundant/rare members of the community and disruption of important community
interactions. However, the main caveat of using low dilutions is that only a few cell
divisions will occur before reaching saturation, which might obscure the underlying
diversity in the community. Using higher dilutions can decrease the competition and

permit the growth of less abundant organisms’*. A 1/1000 dilution of a sputum sample
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from asthmatic patients has been shown to recover a simplified diverse community of the
airway microbiome, when the samples are plated on different media types and cultured
under varied growth conditions (Surette lab, unpublished data). Based on the data from
this study, one can predict that embedding the inoculum in a matrix and providing a
physical structure to the community can possibly retain important community
interactions. Therefore, for future experiments, a 1/1000 dilution of the original sample
should be utilized for inoculation of flow cells.

Despite of the high abundances of some organisms, ~50% of the genera present in
the original sample were still detected in the flow cell effluent cultures and matrix on day
2. The overall viability of the bacterial populations in the flow cells was determined by
plating effluent cultures on CBA (supplemented with 5% sheep blood). The comparison
of the plate pool communities, recovered from effluents, with the original effluent sample
(5.4, Appendix) confirmed that the communities propagated with flow cell culturing are
viable.

Although the community composition in all the samples characterized in this
study was determined by molecular analysis, the population shifts observed in the
communities between day 2 and day 7 provide evidence that some, if not all, organisms
are growing in the community. A shift in composition was observed when the flow cells
were transferred from an anaerobic environment to aerobic conditions on day 2. This
implies that communities in flow cells are dynamic, where the increase or decrease in
relative abundance of an organism in a community may possibly be due to changes in

environmental conditions. Obligate anaerobes were detected in lower proportions in most
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cases (this observation was mirrored in anaerobic plate pool communities). The protocol
followed for sputum sample collection can affect the efficiency of recovery of strict
anaerobes’. The sputum samples obtained in this study were not transported
anaerobically and the samples were received few hours after sample collection. This can
possibly explain the low recovery of anaerobes in overall community.

It is noteworthy to mention that bacterial community present in the flow cell technical
replicate of sample PN33 behaved differently, where high abundance of the obligate
anaerobe Fusobacterium was recorded. This result was not observed in other technical
and biological flow cell replicates; and anaerobic plate pool communities. Further
analysis revealed that the same species was behaving differently in the technical
replicates, where in replicate 2, ~20,000 sequences of the same OTU were detected as
compared to 1 sequence detected in replicate 1 (5.5, Appendix). One can speculate that
this observed shift in community composition of one bacterial community could be an
outcome of underlying complex microbe-microbe/microbe-environment interactions or
even both.

As discussed previously (Section 1.3.2), studies have implicated the role of
coaggregation in survival of obligate anaerobes like Prevotella spp. in mixed bacterial
cultures*® *’. Anaerobic (including strict anaerobes) organisms can be cultured in flow
cell system, and one possible mechanism guiding the development of this complex
microbial community can be coaggregation. To analyze this further, I sought to determine
whether coaggregates are formed in flow cell communities with fluorescence microscopy.

Coaggregate formation was recorded where, very large coaggregates were observed on

64



M.Sc. Thesis - A. Puri; McMaster University - Biochemistry & Biomedical Sciences

day 7 (5.6, Appendix). Therefore, coaggregate formation could play an important role in
formation of complex communities in the flow cells. The development of steep oxygen
gradients within a community can sustain the growth/presence of obligate anaerobic
organisms. It is already known that steep oxygen gradients develop in biofilms, and a
depth of 8-22 um is sufficient for the establishment of anoxic conditions'’. Thus, the
anaerobic members of the community are protected from toxic effects of oxygen®’. Some
organisms in a bacterial community can also play a major role in oxygen consumption,
thereby providing growth conditions favorable for anaerobes. A previous study
demonstrated how Neisseria is a major consumer of oxygen in a ten-member mixed
bacterial community propagated in chemostat cultures, thereby allowing growth of
anaerobic organisms in the community*’.

The genera rank abundance plots were generated to reflect the cultivable diversity in
flow cell communities. Relative abundances of taxa in a bacterial community are
important to deduce the overall community structure, however the dominant organisms
can obscure underlying information about the variety of taxa present’*. To evaluate the
utility of using flow cell method for culturing complex polymicrobial communities, it is
necessary to determine the community membership in the flow cell samples (both effluent
and matrix). Even though some organisms were present in relatively low proportions, it
does not necessarily mean that those organisms are absent in the community. Therefore, I
compared the organisms detected in flow cell communities with the community
composition in the sputum. The data shows that a majority of the organisms present in the

initial inoculum can be recovered in the matrix embedded community on day 7.
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Conclusively, the method 1 have developed is effective in propagating diverse
communities directly from the clinical sample. However, some aerobic organisms like
Rothia and Neisseria, couldn’t be recovered from the flow cells efficiently and this could
possibly be due to the prolonged anaerobic incubation step in the initial stages of
community development. Although these aerobes persist in the culture, they are not
reproducing in the community. Therefore, shortening the first step of anaerobic
incubation should be evaluated in future studies. It will be interesting to see whether
decreasing the anaerobic incubation can have any effect on the community structure and
efficiency of recovery of anaerobes.

PCoA revealed that community composition in the effluent cultures and matrix was
most similar. Collecting effluents is the only way to sample the community over different
time points, as our flow cell model is a closed system. The results demonstrate high
similarities between the community composition in the flow cell effluents and matrix,
substantiating that effluent cultures can be considered good representatives of the matrix
embedded community dynamics and composition. Therefore, the growing community in
flow cells can be surveyed at various intervals to study overall community structure and
function. Furthermore, the separation of samples based on day validates the consistency
of this method. The community members contribute to the separation of the samples,
where sputum samples group separately suggesting that the community composition in
the flow cell cultures is different from the starting community. It will be interesting to see
whether changes in protocol and further optimization in future can propagate flow cell

communities that are more similar to the initial inoculum.
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Shannon diversity indices of samples showed a significant difference in the diversity
of the original clinical sample and the flow cell communities. Shannon diversity is an
indicator of species richness and evenness. Therefore, different growth rates can have an
impact on the diversity index as evenness in the growing communities can sometimes
substantially differ from the initial inoculum. Another example of this is plate pool
communities, where culture enrichment selects for some organisms. More abundant
organisms in the regrown communities can have impact on the calculated diversity index
and does not necessarily mean that there are major variations in the variety of taxa
present. The Shannon diversity of the effluent and matrix communities on day 7, were not
significantly different which also demonstrates that a high level of similarity exists
between these two communities.

Conclusively, flow cell method is a consistent method that can be utilized effectively
for propagating diverse bacterial communities from airway samples. Further optimization
can potentially improve the efficiency in recovering some organisms. Some technical
challenges were encountered during the cultivation of complex microbial communities in
the flow cell system and future experiments should be designed keeping these in mind.
Due to the heavy growth of the bacterial communities in the matrix and effluent cultures,
there were instances when back growth of biofilms into the inlet tubing was observed.
Such samples can’t be used for further analysis, as the media flowing into the flow cell is
not sterile anymore. Formation of bubbles in the tubing is another common occurrence,
where pre-incubation of the tubing and sterile medium at 37°C (prior to flow cell setup)

can circumvent this.
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Table 3.4 - List of samples and number of sequences/sample (Illumina sequencing)

Sample Sequences/sample

PN32 sputum 41099
PN32 PP* aerobic 159865
PN32 PP anaerobic 49654
PN32 effluent anaerobic day 2 34592
PN32 effluent aerobic day 7 35565
PN32 matrix day 7 128742
PN32 effluent anaerobic day 2 PP 28248
PN32 effluent aerobic day 7 PP 26345
PN33 sputum 52731
PN33 PP aerobic 89090
PN33 PP anaerobic 41102
PN33 effluent anaerobic day 2 (replicate 1) 23284
PN33 effluent aerobic day 7 (replicate 1) 14331
PN33 matrix day 7 (replicate 1) 60887
PN33 effluent anaerobic day 2 (replicate 2) 43585
PN33 effluent aerobic day 7 (replicate 2) 137872
PN33 matrix day 7 (replicate 2) 37601
PN33 matrix day 2 (replicate 3) 88443
PN34 sputum 15066
PN34 PP aerobic 63397
PN34 PP anaerobic 34164
PN34 effluent aerobic day 7 31697
PN34 day 7 matrix 26073

*PP denotes plate pools
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Figure 3.10 - Percent relative abundance of organisms (at the genus level) in
bacterial communities cultured from sputum sample PN32.

Bars are coloured with genus level assignment for each group. Percent relative
abundances of bacterial genera (for all representative sequences >0.1%) can be seen on
the bar plot. The composition in the original sputum sample (PN32), which is the
expected composition in regrown communities, is also shown. Data for plate pool (PP),
effluent culture and matrix communities are shown.
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Figure 3.11 - Percent relative abundance of organisms (at the genus level) in
bacterial communities cultured from sputum sample PN33 (technical replicate 1).
Bars are coloured with genus level assignment for each group. Relative abundances of
bacterial genera (for all representative sequences >0.1%) can be seen on the bar plot. The
composition in the original sputum sample (PN33), which is the expected composition in
regrown communities, is also shown. Data for plate pool (PP), effluent culture and matrix
communities are shown
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Figure 3.12 - Percent relative abundance of organisms (at the genus level) in
bacterial communities cultured from sputum sample PN33 (technical replicate 2).
Bars are coloured with genus level assignment for each group. Relative abundances of
bacterial genera (for all representative sequences >0.1%) can be seen on the bar plot. The
composition in the original sputum sample (PN33), which is the expected composition in
regrown communities, is also shown. Data for plate pool (PP), effluent culture and matrix

communities are shown.
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Figure 3.13 - Percent relative abundance of organisms (at the genus level) in
bacterial communities cultured from sputum sample PN33 (technical replicate 3).
Bars are coloured with genus level assignment for each group. Relative abundances of
bacterial genera (for all representative sequences >0.1%) can be seen on the bar plot. The
composition in the original sputum sample (PN33), which is the expected composition in
regrown communities, is also shown. Data for plate pool (PP) and matrix embedded
community on day 2 are shown.

72



M.Sc. Thesis - A. Puri; McMaster University - Biochemistry & Biomedical Sciences

PN34 sputum  PN34 plate pool PN34 plate pool PN34 effluent PN34 matrix
aerobic anaerobic aerobic day7 day7

100%

90% |

Atopobium

80%
Veillonellaceae;Other

" Dialister

Peptostreptococcus

70% Coriobacteriaceae;Other
Pseudomonas

" Haemophilus
Pasteurellaceae;Other

60%

“ Campylobacter

“ Neisseria
Fusobacterium

50% | ¥ Veillonella

“ Lachnospiraceae;Other

Clostridi: ilyXLIncertaeSedi:

EStreptococcus
40% |

RELATIVE ABUNDANCE

I

“Granulicatella

™ Lactobacillales;Other;Other
“Gemella

30% “Brevibacillus

“Bacillaceae;Other
“Firmicutes;c__Bacilli;Other;Other;Other
¥ Firmicutes;Other;Other;Other;Other
20% " Prevotella

¥ Porphyromonas
" Rothia

10% |

F-

0%

Figure 3.14 - Percent relative abundance of organisms (at the genus level) in
bacterial communities cultured from sputum sample PN34.

Bars are coloured with genus level assignment for each group. Relative abundances of
bacterial genera (for all representative sequences >0.1%) can be seen on the bar plot. The
composition in the original sputum sample (PN34), which is the expected composition in
regrown communities, is also shown. Data for plate pool (PP), effluent culture (aerobic,
day 7) and matrix communities are shown.
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Figure 3.15 - Determining the community membership in flow cell communities grown from sputum sample PN32.

Relative abundances of bacterial genera in the sputum sample (for all representative sequences >0.01%) are plotted in order of
decreasing abundance for determining the community membership. This represents the predicted community composition in
the original sample. The organisms recovered in the flow cell samples (both matrix and effluent) are indicated on this same
plot, to illustrate the cultivable members of the flow cell communities. Black, red, yellow and blue illustrate the sputum,
anaerobic effluent culture on day 2, aerobic effluent culture on day 7 and matrix embedded community respectively.
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Figure 3.16 - Determining the community membership in flow cell communities grown from sputum sample PN33
(technical replicate 1).

Relative abundances of bacterial genera in the sputum sample (for all representative sequences >0.01%) are plotted in order of
decreasing abundance for determining the community membership. This represents the predicted community composition in
the original sample. The organisms recovered in the flow cell samples (both matrix and effluent) are indicated on this same
plot, to illustrate the cultivable members of the flow cell communities. Black, red, yellow and blue circles illustrate the sputum,
anaerobic effluent culture on day 2, aerobic effluent culture on day 7 and matrix embedded community respectively.
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Figure 3.17 - Determining the community membership in flow cell communities grown from sputum sample PN33
(technical replicate 2).

Relative abundances of bacterial genera in the sputum sample (for all representative sequences >0.01%)) are plotted in order
of decreasing abundance for determining the community membership. This represents the predicted community composition
in the original sample. The organisms recovered in the flow cell samples (both matrix and effluent) are indicated on this
same plot to illustrate the cultivable members of the flow cell communities. Black, red, yellow and blue circles illustrate the
sputum, anaerobic effluent culture on day 2, aerobic effluent culture on day 7 and matrix embedded community respectively.
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Figure 3.18 - Determining the community membership in a flow cell matrix embedded community grown from sputum
sample PN33 (technical replicate 3).

Relative abundances of bacterial genera in the sputum sample (for all representative sequences >0.01%) are plotted in order of
decreasing abundance for determining the community membership. This represents the predicted community composition in
the original sample. The organisms recovered in the flow cell matrix on day 2 when community is anaerobic, are indicated on
this same plot, to illustrate the cultivable members of the flow cell communities. Black and blue circles illustrate the sputum
and matrix embedded community respectively.
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Figure 3.19 - Determining the community membership in flow cell communities grown from sputum sample PN34.
Relative abundances of bacterial genera in the sputum sample (for all representative sequences >0.01%) are plotted in order of
decreasing abundance for determining the community membership. This represents the predicted community composition in
the original sample. The organisms recovered in the flow cell samples (both matrix and effluent) are indicated on this same
plot, to illustrate the cultivable members of the flow cell communities. Results for anaerobic effluent culture on day 2 are not
shown here. Black, yellow and blue circles illustrate the sputum, aerobic effluent culture on day 7 and matrix embedded
community respectively.
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Figure 3.20 - Principle coordinate analysis (PCoA) plot showing variations between flow cell samples (effluents and
matrices) and original sputum sample.

The plot demonstrates that primary clustering is by day, and high similarity is seen between the flow cell effluent and matrix
embedded communities. Unweighted UniFrac metrics were used to generate the plot.
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Figure 3.21 - The Shannon diversity index in flow cell, plate pool and sputum
samples.

A) Original sputum samples and matrix embedded communities on day 7. (B) Flow cell
effluent culture and matrix embedded communities on day 7. (C) Original sputum

samples and plate pool communities. (D) Flow cell effluent community on day 7 and day
2.
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CHAPTER 4: OVERALL DISCUSSION AND FUTURE

DIRECTIONS

Microbes exist predominately in communities in natural environments and there is
lack of understanding of the complex processes that operate in these communities. The
goals of this study were: 1) to develop methods to propagate and examine mixed synthetic
and natural communities in vitro, 2) and have a system that can be utilized in studying the
community structure and dynamics over time. A flow cell system operated under
continuous flow conditions was optimized. We adopted an approach where matrix
embedded communities were cultured under continuous flow conditions with the aim of
capturing the development of microbial communities in the natural context. Simple
synthetic bacterial communities were propagated in the system for initial optimization,
and analyses of bacterial populations furthered my understanding of community dynamics
and growth behaviour of bacterial species under different culture conditions (batch vs.
continuous). The development of natural oxygen gradients in the microbial communities
plays a pivotal role in retaining the obligate anaerobic members in the growing
community*’. Moreover, some interspecies interactions within the community can also
have a major impact on microbial growth and survival® . This kind of complexity was
also perceived in the microbial communities propagated in my model as obligate
anaerobic organisms could successfully thrive under aerobic conditions, when present as
members of mixed bacterial communities (aerobes and anaerobes) propagated under flow

conditions. The ultimate goal of propagating complex bacterial communities directly
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from airway samples was also achieved with the flow cell model. The microbial diversity
of the sputum sample could be captured to a great extent in the flow cell communities.

The flow cell method is inexpensive and the desired growth environment can be
attained in the system by controlling the flow of media or changing growth conditions
(e.g. temperature). The flow cell can also be utilized for microscopy and the growth of
microbes can be visually assessed over the course of time®” *°. However, this system
comes with its own disadvantages, where most importantly extra care must be taken to
ensure sterility in the entire flow cell setup. Formation of bubbles, leakage, and back
growth of biofilms into inlet tubing are other technical difficulties encountered while
using this system. Nevertheless, this method can serve as a powerful tool for discerning
the complexity of polymicrobial communities.

By growing communities under conditions that more closely resemble natural
environments, one can study the relationship between changes in community composition
and function over time. In future studies, communities propagated in this system can be
exposed to antimicrobials, assayed for enzyme activities and chemical products. The
community behaviour in response to environmental stimuli can be investigated.
Furthermore, host immune response to these communities can also be characterized. The
results from some preliminary experiments conducted to study microbial community
function are described below.

Autoinducer-2 (AI-2) is an inter-species signaling molecule, and can provide an
idea about the cell density and overall fitness of the microbial community as the AI-2

levels are linked to cell numbers'". A previous study from our lab demonstrated that AI-2
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signaling could direct the outcome of microbe-microbe interactions, where it played an
important role in the regulation of certain P. aeruginosa virulence factor genes’®. AI-2
has also been found to play a role in biofilm formation, where in some cases it promotes
biofilm formation, whereas in others (eg. Staphylococcus epidermidis) it inhibits
biofilms’’. Therefore, AI-2 can be used to monitor overall community function. In some
preliminary experiments, Al-2 activity in cell-free supernatants from bacterial cultures,
and flow cell effluent and matrix cultures was recorded (5.7, 5.8, 5.9, Appendix). Al-2
was detected in all the samples.

Host responses in the form of cell viability and NF-kB activity were measured in
some preliminary experiments. A human lung epithelial cell line (BEAS-2B) that closely
resembles primary human airway epithelial cells was used”®. To compare the cytotoxicity
of the factors produced by communities cultured in flow cells, the airway epithelial cell
line BEAS-2B was treated with the culture supernatants from the bacterial communities
growing in the flow cells (5.7, 5.11 Appendix). The effect of supernatants from mono-
species cultures on the viability of epithelial cells was also investigated in parallel to see
whether changes in the microbial community correspond to any negative interactions with
the host. Cell-free supernatants from bacterial cultures, flow cell effluent cultures and
matrix failed to kill human airway epithelial cell lines.

NF-kB, is a transcription factor that can cause induction of many inflammatory
cytokines”. A previous study showed how a mixture of two bacterial species could be
more potent in inducing NF-kB activation as compared with the individual bacterial

species. The study demonstrated the role of synergistic interactions in inducing bone loss,
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in a mouse periodontitis model”®. A reporter monocyte cell line, THP-1-blue, was used to
investigate whether underlying community interactions in mixed synthetic communities
could induce NF-xB activation. The cells release secreted embryonic alkaline
phosphatase (SEAP) in the detection culture medium on NF-kB activation. Cell-free
supernatants from bacterial cultures were assayed for NF-kB activation in preliminary
experiments (5.7, 5.10, 5.12, Appendix). High background levels of alkaline phosphatase
in Prevotella supernatants were recorded, which makes this reporter cell line ineffective
for future work. However, the assay was effective in detecting NF-kB activity in cell-free
supernatants from other organisms (e.g. Streptococcus sp.). Therefore, alternatives for
this reporter cell line should be considered in future work such as luciferase based
reporter cell lines.

In this thesis, I have presented my studies on developing simple in vitro systems
for propagating polymicrobial communities. Initial studies with synthetic communities
showed that least diverse communities were propagated in shaken batch cultures (studies
on aerobic communities). Therefore, shaken batch cultures were not chosen for culturing
mixed (aerobes & anaerobes) communities, and all the comparisons were conducted
between static batch cultures and flow cell cultures. Continuous flow cell cultures
supported growth of anaerobes in mixed synthetic communities, whereas static cultures
lost community diversity and did not support robust growth of anaerobes as expected. The
flow cell system, when applied to clinical samples from the lower respiratory tract, was
able to capture most of the microbes present, and supported robust growth of

anaerobes. Future experiments should explore different incubation times and culture
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media. A limitation of the matrix embedded growth is that it cannot be continuously
sampled over time, however effluents also contained a significant diversity of microbes
(including the anaerobes). Since the effluent can be continuously sampled, it may be
suitable for time course studies and to examine the effect of changing the growth
parameters on community composition. The methodology I have developed is simple and
reproducible and should allow for further studies on polymicrobial communities

recovered from natural environments.
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CHAPTER 5: APPENDICES

~ FLOW OF RESERVOIR MEDIUN

5.1 - Images of the flow cell and agarose matrix in the flow channel.

A) The flow cell (ibidi) used for culturing communities under continuous flow conditions
is shown. The matrix is deposited along the length of one wall, allowing the passage of
medium reservoir through the rest of the channel. B) The matrix recovered on day 7 from
the flow channel is shown.
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Day O(ana) Day 2(ana) Day 2(ana) + Day 2(aer)
Streptococcus salivarius 2.20E+05 1.00E+09 4.00E+09
¥ Staphylococcus epidermidis 7.40E+05 | 5.00E+07 6.00E+08
B Staphylococcus lugdunensis 1.90E+05 7.20E+08 3.00E+09
® Fusobacterium nucleatum 2.16E+05 8.80E+04 1.06E+08
¥ Prevotella melaninogenica 1.13E+07 8.80E+06 3.00E+09
¥ Veilonella atypica 1.26E+06 3.20E+06 4.00E+09

5.2 - The effect of flow rates on the composition of a mixed species synthetic
community.

A flow cell community was cultured under high flow rates (1.5 ml/hour) and the
composition within the matrix embedded community is shown. Higher flow rates did not
affect the proportions of obligate anaerobes (CFU/ml values are shown below the bar
plot). Day O(ana) refers to the starting community (initial inoculum), and Day 2(ana)
refers to the time point when transfer to aerobic conditions occurs. The matrix from a
flow cell was sacrificed on day 2 (ana) and day 2 (ana) + day 2(aer); ana: anaerobic, aer:
aerobic. Relative abundance for each species was determined by total viable counts. The
results for one experiment are shown.
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community anaerobic aerobic aerobic aerobic
Streptococcus sp. 62000 2.00E+05 8.80E+03
¥ Staphylococcus epidermidis 300000 2.00E+08 4.00E+05 3.80E+08
B Staphylococcus lugdunensis 360000 2.50E+07 8.00E+07 4.20E+07 2.90E+07
B Fusobacterium nucleatum 1400000 1.00E+04
¥ Prevotella melaninogenica 1320000 7.00E+03
B Veilonella atypica 60000 6.80E+07 4.00E+07 2.40E+06 1.04E+07

5.3 - Composition of a mixed species synthetic community in static batch cultures.
The structure of a six-species bacterial synthetic community propagated in static batch
cultures is shown. Three batch cultures were inoculated on the same day from a starter
culture. One culture was sacrificed at each time point (the culture was vortexed before
plating). The results for one experiment are shown. Day O(ana) refers to the starting
community (initial inoculum), and Day 2(ana) refers to the time point when transfer to
aerobic conditions occurs; ana: anaerobic, aer: aerobic. Obligate anaerobes could not be
recovered under aerobic conditions. Relative abundance for each species was determined
by total viable counts.
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5.4 - Comparison between the compositions of communities in flow cell effluent
cultures and communities cultured from effluents by plating (PN32).

To characterize the structure of viable bacterial populations within flow cell effluent
cultures, the effluents were plated on Columbia Blood Agar (supplemented with 5%
sheep blood) on day 2 and day 7. The communities within the plate pools (PP) were
compared with original effluent sample. The plate pool communities are similar in
structure to the effluent communities. Relative abundance of organisms (at the phylum
level) in bacterial communities cultured from sputum sample PN32 are shown. Bars are
coloured with phylum level assignment for each group. Relative abundances of bacterial
phyla (for all representative sequences >1%) can be seen on the bar plot. The composition
in the original sputum sample (PN32), which is the expected composition in regrown
communities, is also shown. Data for effluent cultures (day 2 and day7) and plate pool
communities of effluent cultures (day 2 and day 7) are shown.
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5.5 - Comparison of the community structure, within the genus Fusobacterium,
between the original sputum sample (PN33) and matrix embedded communities.
OTUs (down to species level) were compared in Fusobacterium to investigate whether
the same OTU is behaving differently in technical replicates. The number of sequences of
each unique OTU in the total number of Fusobacterium sequences is represented on the
plot. OTU#7 is more abundant in the matrix of technical replicate 2 as compared to the
original samples and technical replicate 1.
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5.6 - Coaggregates are detected in flow cell effluent cultures.

Coaggregates were detected in the flow cell effluent communities on day 7 (coaggregates
in the effluent sample of PN33 (technical replicate 2) are shown). Bacterial communities
in effluent culture were stained with the nucleic acid stain, DAPI (A), and bacterial cell
wall peptidoglycan stain, WGA-488 conjugate (Alexa-Fluor®) (B). (C), is an overlay
image of (A) and (B). Microscopic observations and image acquisition was performed on
Olympus BX-51 with a 20X objective. Bar, 5 pm.
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5.7 - Preparation of cell-free supernatants

Cell-free culture fluids (supernatants) were obtained from BHI broth cultures of the
aerobic and anaerobic test strains (see Table 2.1). After incubation, cultures were spun
down at 13000 rpm at maximum speed on a bench top centrifuge for 5 minutes. The
resulting supernatant was filter sterilized with a 0.2 pum pore size filter (Millipore).
Supernatants from the flow cell effluent cultures and matrix were also collected similarly,
where the matrix was diluted 1:10 into sterile BHI medium (due to its small volume (60
ul)) before centrifugation, and the supernatants were collected thereafter. Aliquots of the

supernatants were made in 1.5 ml microfuge tubes and were stored at -20°C.
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5.8 - Autoinducer-2 expression assays

Al-2 production in flow cell effluent cultures and matrix embedded communities were
measured using a Vibrio harveyi bioassay™. MM32 Vibrio harveyi reporter strain was
used for this assay. Salmonella sp. cell-free supernatants were used as positive controls.
For conducting the assay, V. harveyi MM32 strain was inoculated into 5 ml Autoinducer
Bioassay (AB) medium. The culture was incubated overnight (16 hours) with aeration at
30°C, where the overnight culture was then diluted 1:5000 in fresh AB medium and the
cell-free supernatants were added to the diluted V. harveyi culture at a 10% (v/v) final
concentration (each supernatant-dilute culture mixture was setup in triplicate). A negative
medium control (10% AB medium) and bacterial growth medium control (10% BHI) was
also included in the assay. The assay was conducted in a 96-well microtiter plate (Costar,
clear bottom black plate), where the plate was UV irradiated for 30 minutes prior to use.
Light production was measured using a luminescence plate reader (SpectraMax M3,

Molecular Devices).
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5.9 - Detection of autoinducer-2 (AI-2) in bacterial cultures and a mixed species
synthetic community.

AI-2 activity is represented as fold induction of luminescence over medium control, using
the Vibrio harveyi reporter system. BHI medium was used for growing bacterial cultures
and was also used as the medium reservoir for flow cell culturing. Culture supernatants
were added at 10% to the assays. The AI-2 activity in the bacterial cultures (A), and flow
cell (FC) communities (both effluent and matrix) (B) is shown. Day 2(ana) refers to the
time point when transfer to aerobic conditions occurs; ana: anaerobic, aer: aerobic. The
matrix was diluted 1:10 into sterile BHI medium. Error bars indicate standard deviations.
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5.10 NF-kB activation (SEAP reporter assay)

THP1-Blue cell line (InvivoGen) is a reporter cell line derived from the human THP-1
monocytic cell line that expresses a secreted embryonic alkaline phosphatase (SEAP)
gene under the control of NF-kB and AP-1 inducible promoter. Cells were cultured in
RPMI 1640 containing 10% heat inactivated fetal bovine serum (FBS), penicillin,
streptomycin and normocin. SEAP is secreted by the cells upon NF-kB activation and can
be detected in HEK-Blue™ Detection medium (InvivoGen). Cells were seeded at a
density of 3 x 10* cells/well in a 96-well microtiter plate (BD Biosciences). After 3 days,
the media was removed and replaced with HEK-Blue™ Detection media after washing
the wells 2X with phosphate buffered saline (PBS). Cell-free supernatants obtained from
test strains (see Table 2.1), flow cell effluent cultures and matrix embedded communities
were added to the experimental wells at 1% (v/v), 2% (v/v), 5% (v/v) and 10% (v/v) final
concentrations. THP-1 blue cells were also challenged with a Salmonella enterica LPS
(100 ng/ml) (Sigma-Aldrich; catalog #: 1770) as a positive agonist. Additionally,
bacterial growth medium control (10% BHI) was also included in the assay. Cells were
then incubated for 16 hours at 37°C under 5% CO, conditions. Absorbance at 620 nm was

read with a plate reader (SpectraMax M3, Molecular Devices).
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5.11 Cell viability (Cytotoxicity assay)

BEAS-2B cells were cultured in complete Dulbecco’ Modified Eagle Medium (DMEM)
containing 2 mM L-glutamine, 10% fetal bovine serum, 50 U/ml penicillin and 500 pg/ml
streptomycin. At 80% confluency the cells were seeded at a density of 10* cells/well in a
96-well microtiter plate (BD Biosciences). After 48 hours media was removed, the wells
were washed gently once with PBS and fresh DMEM was added to the culture wells.
Cell-free supernatants obtained from test strains (see Table 2.1), flow cell effluent
cultures and matrix embedded communities were added to the experimental wells at 1%
(v/v), 2% (v/v), 5% (v/v) and 10% (v/v) final concentrations. The control wells included a
non-treated negative control, a completely lysed positive control and a bacterial growth
medium control (10% BHI). Cells were then incubated for 24 hrs at 37°C under 5% CO,
conditions. Post-incubation, supernatants were collected by centrifugation and used with
the lactate dehydrogenase (LDH) cytotoxicity kit (Promega) to measure cell cytotoxicity.
Absorbance at 490 nm was read at 24 hours with a plate reader (SpectraMax M3,
Molecular Devices).

% Cytotoxicity= (Experimental-untreated/lysis control-untreated) x 100
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5.12 Analysis of NF-kB activation in Prevotella melaninogenica.

THP-1-Blue cells were stimulated in triplicate with each concentration (1%, 2%, 5% and
10%) of P. melaninogenica (C994) supernatant. E. coli LPS (10 ng/ml) was used as a
positive control. Background alkaline phosphatase activity was detected in the C994
supernatants (10% supernatant was added to detection culture medium (minus THP-1
blue cells)). SEAP reporter assay cannot be used for detecting NF-kB activation in
bacterial communities with P. melaninogenica. Error bars indicate standard deviations.
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